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Abstract  

Proton exchange membrane fuel cells (PEMFCs) have attracted great attentions due 

to their high efficiency, environmental friendliness and fast start-up/shut-down for 

the portable electronic devices and vehicle applications. And the proton exchange 

membrane (PEM) is one of the critical components in PEMFCs. Nafion membrane is 

the state-of-the-art PEMs because of its high proton conductivity in fully hydrated 

state, good mechanical property, chemical stability and structural integrity. However, 

the high dependence of the proton mobility in Nafion membrane on high relative 

humidity (RH) makes the operation of fuel cells based on Nafion membranes highly 

relied on external humidification, which not only complicates the water management 

but also increases the cost.  

There are two strategies to reduce and even diminish the dependence of PEMs on 

external humidification. The first one is to modify the Nafion membrane and achieve 

high water retention and proton conductivity at low relative humidity and even 

anhydrous conditions. And the other strategy is to employ high temperature proton 

conductors, such as phosphoric acid (PA), instead of hydrated water molecules, and 

develop alternative PEMs with high operation temperatures (100 ‒ 200 
o
C). 

Polybenzimidazole (PBI) composite membrane is one of the most promising 

polymers that are able to operate at elevated temperatures with high thermal and 

chemical stability as well as high proton conductivity. However, the complex 

synthesis procedures impede the wild application of PBI in PEMFCs. Besides, the 

PA/PBI composite membrane suffers from severe PA leaching at high temperatures 

up to 190 
o
C, leading to a sharply drop of the proton conductivity and fuel cell 

performance at high temperatures. 

Herein, following the first strategy, mesoporous structures were introduced into 

the Nafion membrane via a soft template method with the assistance of the silica 

colloidal mediator. Highly ordered mesoporous Nafion membranes were fabricated 

with different structure symmetries including 2D hexagonal, 3D face-centred, 3D 

cubic-bicontinuous and 3D body-centred. The Nafion electrolyte membranes derived 

from the self-assembly of mesoporous Nafion-silica pairs. After the removal of the 

structure directing agent and silica colloidal templates, highly ordered mesoporous 

structural Nafion ionomers were obtained. The proton conductivity of the 
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mesoporous Nafion membranes showed high independence upon the external 

humidity. And Nafion membrane with the 2D hexagonal structure showed the best 

performance among the four samples with an exceptional stability at anhydrous 

conditions. 

For the second strategy, inorganic-organic nanostructured hybrid membranes of 

polyethersulfone (PES)-polyvinylpyrrolidone (PVP) were prepared. The PES-PVP 

composite membrane was employed as the PEM matrix rather than 

polybenzimidazole. That is due to the simple preparation method for the PES-PVP 

membranes. Silica materials including amino-functionalized mesoporous silica 

(NH2-meso-silica) spheres, hollow mesoporous silica (HMS) spheres and amino-

functionalized hollow mesoporous silica (NH2-HMS) spheres were incorporated into 

the PES-PVP membranes. All the inorganic-organic composite membranes showed 

the superior proton conductivity and cell performance than that of the pristine PES-

PVP membrane. That is due to the facilitated proton transportation in the ordered 

mesoporous channels via the hydrogen bonds between the –NH2 groups and H3PO4. 

The highest peak power density at 180 
o
C was 480 mW cm

-2
 for the composite 

membrane based on NH2-HMS, which is 92.7 % higher than that of the PA-doped 

PES-PVP membrane at the identical condition.  

Nevertheless, there are three disadvantages for NH2-HMS in the application of 

PES-PVP membranes, including complex synthesis procedures, low proton 

conductivity and limited operation temperature (≤ 180 
o
C). A novel method was 

developed to simplify the synthesis method of NH2-HMS. Different from the 

reported approaches, NH2-HMS in the present study was transformed from NH2-

meso-silica/CTAB induced by a Na2CO3 solution. During the transformation, the 

interior parts of the NH2-meso-silica/CTAB hybrid particles were removed by the 

enriched OH
-
 ions in the mesoporous channels, while the shell of the particles was 

remained intact. Besides the novelty and simplicity, the novel method also reveals a 

new self-etching mechanism for the functionalization of mesoporous silica.  

Moreover, in order to improve the proton conductivity of NH2-HMS in PES-PVP 

membranes, a solid proton conductor, phosphotungstic acid (PWA), was 

incorporated into the mesopores of NH2-HMS nanoparticles (PWA-NH2-HMS). The 

PWA in the mesopores of NH2-HMS facilitated the proton transportation, and 

consequently enhanced the proton conductivity and performance of the PES-PVP 

composite membrane cells. The best performance was obtained on a PES-PVP 
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polymer membrane with an optimum loading of 10 wt.% PWA-NH2-HMS.  

Finally, PES-PVP matrix was replaced by PBI for the fuel cell application at 

higher temperatures than 180 
o
C, resulting from the high glass transition temperature 

and thermal stability of PBI. Efforts were conducted to improve the stability of 

PA/PBI composite membranes at elevated high temperature of 200 
o
C by modifying 

the PBI membrane with inorganic fillers. Phosphotungstic acid functionalized 

mesoporous silica (PWA-meso-silica) was incorporated into the PA/PBI membrane 

and exceptional performance durability up to 2700 h was achieved (27 μV h
-1

) at 200 

o
C. The exceptional durability for the composite membrane is due to the in situ 

formation of phosphosilicate in the PA/PBI composite membranes with mesoporous 

silica filler, and the high stability of the Pt catalyst in the electrode, especially in the 

cathode. The successful demonstration of PWA-meso-silica-PA/PBI membrane based 

fuel cells at 200 
o
C represents a significant milestone in the development of the 

PA/PBI based high temperature fuel cells. 

In addition to the project on the mesoporous membranes for PEMFCs, work has 

also been carried on the synthesis and development of novel Pd electrocatalyst on 

carbon nanotubes (CNTs) with different number of inner tubes or walls. The number 

of walls or inner tubes has a significant promotion effect on the activity of supported 

Pd nanoparticles for alcohol oxidation reactions of direct alcohol fuel cells. A facile 

charge transfer mechanism via electron tunnelling between the outer wall and inner 

tubes of CNTs under the electrochemical driving force is proposed for the significant 

promotion effect of CNTs for the alcohol oxidation reactions in alkaline solutions. 

However, the work on electrocatalyst of fuel cells is not included in this thesis in 

order to keep the focus of the thesis on mesoporous PEMs. Nevertheless, the details 

of the work in this part can be found in paper published in journals, Chemical 

Communications, 2014, 50(89), 13732-13734 and Chemsuschem, 2015, 8(17), 

2956-2966. 
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Chapter 1 

1.1 Background 

Fuel cells are energy conversion devices that directly transfer the chemical energy of 

the fuels such as hydrogen and alcohols etc. into electricity. They show high 

efficiency, low pollution, environmental friendliness, quite operation and flexible 

modulability in comparison with the conventional internal combustion engine. Fuel 

cells, therefore, are considered as one of the most promising power generation 

devices.[1] Fuel cells are divided into low temperature fuel cells such as proton 

exchange membrane fuel cells (PEMFCs) and high temperature (500-1000
o
C) solid 

oxide fuel cells (SOFCs) according to the operation temperature. Among various 

types of fuel cells, the proton exchange membrane fuel cell is considered to be the 

leading power source because of its low operation temperature and fast start-up and 

shut down cycle. It is a versatile device with various applications ranging from 

portable electronic devices, transportation vehicles to power stations. 

The critical component of PEMFCs is a membrane electrode assembly (MEA). It 

consists of a proton exchange membrane (PEM) and the electrocatalytic electrodes 

including the anode and cathode. The development of PEMs is essential for 

PEMFCs. PEMs not only show essential function for proton transport, but also 

function as separator to prevent the fuel and oxidant from mixing. High proton 

conductivity and chemical and thermal stability, therefore, are the critical criteria for 

PEMs.[2] Perfluorosulfonic acid (PFSA) membranes such as Nafion are the state-of-

the-art PEMs with high chemical and thermal stability as well as 

outstanding proton conductivity at full hydration condition. However, the proton 

conductivity of Nafion is sensitive to the hydration of the membrane, and external 

humidification is required for the stable operation of Nafion membrane based fuel 

cells to maintain the full hydration of the Nafion membrane.[3] The external 

humidification system not only complicates the water management but also increases 

the cost. Herein, improving the proton conductivity of PEMs at low hydration is the 

most critical challenge for PEMFCs.  

Porosity is singular in PEMs in terms of transportation of mass to reactive sites. 

Mesoporous materials with well-defined and ordered pore arrays in the range of 2 – 

50 nm in diameter [4, 5], show unique properties of capillary condensation effect [6]. 
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Thus, mesoporous materials can store and release water at low relative humidity 

(RH) [7]. When the mesoporous structure is introduced in the PEMs, it could 

facilitate water-assisted proton transportation at low RH and high temperatures. 

Moreover, high surface area and highly ordered mesoporous channels of mesoporous 

materials not only increase the utilization of catalysts, but also facilitate the mass 

transfer in the electrode.  

In this regard, the aim of this project is to develop alternative PEMs with high 

proton conductivity at low RH and high temperatures by introducing mesoporous 

structures in PEMs, and by developing alternative PEMs based on amino or 

heteropolyacid functionalized mesoporous silica/polymer like polyethersulfone 

(PES)-polyvinylpyrrolidone (PVP) or phosphoric acid (PA)/polybenzimidazole (PBI) 

composite. The overall objective is to develop high temperature PEMs with high 

proton conductivity and low RH dependence or anhydrous conditions for elevated 

high temperature applications. 

1.2 Objectives and outline of the thesis 

Based on the above mentioned objectives, this thesis has 8 chapters. Chapter 2 

focuses on the literature review of the state-of-the-art in the field. The experiment 

results and discussion are presented in chapter 3-7. In Chapter 8, conclusions are 

made and the suggestions for future work are proposed. 

Chapter1 Introduction 

The chapter briefly introduced the challenges of proton exchange membranes and 

the advantages of incorporating mesoporous structures in PEMs. Then the objectives 

and the outline of the thesis were presented. 

Chapter 2 Literature Review 

This chapter started with a brief introduction of PEMFCs, followed by a detailed 

description and discussion of the advances in the synthesis and applications of the 

mesoporous structured materials in PEMFCs, including mesoporous polymer 

membranes and mesoporous inorganic-organic hybrid membranes. 

Chapter 3 Comprehensive strategy to design highly ordered mesoporous Nafion 

membranes for fuel cells (This chapter is based on the paper published on Journal 

of Materials Chemistry A) 

Highly ordered mesoporous Nafion membranes were developed with different 
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structure symmetries including 2D hexagonal, 3D face-centred, 3D cubic-

bicontinuous and 3D body-centred. The membranes were synthesized via a soft 

template method with the assistance of the silica colloidal mediator. Mesoporous 

Nafion membranes showed the high proton conductivity at low RH and fuel cell 

stability even at anhydrous conditions. 

Chapter4 Amino-functionalized mesoporous silica based polyethersulfone-

polyvinylpyrrolidone composite membrane for elevated temperature fuel cells 

Inorganic-organic nanostructured hybrid membranes of PES-PVP were prepared 

with mesoporous silica materials. After the addition of mesoporous silica and amino-

functionalized mesoporous silica into the matrix of PA-doped PES-PVP composite 

membranes, the proton conductivity and cell performance of the composite 

membranes were significantly increased. 

Chapter 5 Facile synthesis of amino-functionalized hollow mesoporous silica with 

oriented mesoporous channels 

A novel method was revealed to synthesize amino-functionalized hollow 

mesoporous silica (NH2-HMS). Different from the research in the literature, NH2-

HMS was transformed from amino-factionalized mesoporous silica spheres via the 

enrichment of OH
-
 induced by the cationic surfactant. This novel method not only 

simplifies the procedures for the fabrication of NH2-HMS, but also suggests a new 

self-etching mechanism for the functionalization of mesoporous silica materials.  

Chapter 6 Phosphotungstic acid impregnated amino-functionalized hollow 

mesoporous silica particles for the elevated temperature fuel cells application 

Novel proton exchange membranes based on phosphotungstic acid (PWA) 

impregnated amino-functionalized hollow mesoporous silica were fabricated for 

elevated temperature fuel cells. PWA and the mesopores of NH2-HMS facilitated the 

proton transportation in the membrane, resulting in the improved proton conductivity 

and cell performance for the polymer host of PES and PVP.  

Chapter 7 Phosphotungstic acid impregnated mesoporous silica for 

polybenzimidazole based polymer electrolyte membrane fuel cells at 200 
o
C(This 

chapter is based on the paper published on Journal of Materials Chemistry A) 

Phosphotungstic acid functionalized mesoporous silica particles were 

incorporated into PA/PBI membranes and exceptional durability up to 2700 h was 

achieved at 200 
o
C. Such enhancement is most likely due to the in situ formation of 

phosphosilicate and the high stability of the Pt/C catalyst. 
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Chapter 8 Conclusions and recommendations for future work 

The overall achievements of this thesis were summarized and the 

recommendations for future studies were listed in this chapter. 
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Chapter 2 Literature review 

2.1 Introduction 

 

Figure 2.1 Scheme of the MEA for a proton exchange membrane fuel cell. 

 

Proton exchange membrane fuel cell shows superiorities of low operation 

temperatures and fast start-up and shut-down cycles in comparison with other types 

of fuel cells. It is, therefore, considered to be one of the most promising power 

sources for applications ranging from portable electronic devices, transportation 

vehicles to power stations. Figure 2.1 shows the operation principle of a PEMFC. 

The critical component of the PEMFC is the membrane electrode assembly 

composed of a proton exchange membrane sandwiched between the electrocatalytic 

anode and cathode. In the case of H2 fuel, H2 is oxidized at the anode and the proton 

is transported to the cathode through the PEM. The electrons produced flow to the 

cathode through an external load, reducing ambient oxygen to water. 

A PEM has the essential functions as a proton transporter as well as a separator to 

prevent the mixing between fuels and oxidants. Perfluorosulfonic acid membranes 

such as Nafion are the state-of-the-art PEMs with high chemical stability and 

outstanding proton conductivity at hydrous conditions. The high proton conductivity 

of Nafion results from microphase separation derived from the unique skeleton of 

hydrophobic C–F backbone grafted with hydrophilic –SO3H side chains. However, 

the proton conductivity of Nafion is extremely dependent on the hydration of the 
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membrane, which requires a high level of relative humidity for the stable operation 

of Nafion membrane based fuel cells. It not only complicates the water management 

but also increases the cost. Herein, the development of PEMs with high proton 

conductivity at elevated temperatures or/and low humidity is one of the most critical 

challenges for PEMFCs.  

In fuel cells, porosity is a singular attribute, which controls not only the 

transportation of fuels/oxidants to reactive sites but also the length or area of the 

three phase boundary or the electrode/electrolyte interface where the electrochemical 

reaction occurs. Mesoporous materials, characterized by well-defined and ordered 

pore arrays in the range of 2 – 50 nm in diameter, were first reported by the scientists 

in Mobil on the MCM-41S series of mesoporous silica materials [1, 2]. Mesoporous 

materials show unique properties including high hydrophilicity because of the –OH 

groups arranged on the highly ordered meso-channels and the capillary condensation 

effect of the mesopores [3]. Thus, mesoporous materials can store and release water 

at elevated temperatures [4]. When the mesoporous structure is introduced in the 

PEMs, it can facilitate water-assisted proton transportation at high temperatures and 

low RH. Therefore, mesoporous materials, as a kind of versatile materials, have been 

extensively used in PEMFCs to reduce the RH dependence of PEMs, simplify the 

water management system, and reduce the cost of fuel cells.  

In this chapter, the emphasis will be put on the progress in the development of 

various types of mesoporous materials including mesoporous organic polymers and 

mesoporous organic/inorganic materials for low temperature and elevated 

temperature PEMFCs. The structure-activity relationship of the mesoporous 

materials based PEMs and their cell performance will be discussed.  

2.2 Mesoporous block copolymer based PEMs 

Mesoporous sulfonated block copolymers (BCPs) have been widely investigated as 

potential PEMs because of their well-ordered nanostructures with precisely 

controlled structure and morphology [5-8]. Generally, sulfonated block copolymer 

molecules have long C-C backbones grafted by –SO3H terminated side chains. The 

side chains not only improve the movement of the –SO3H groups, but also block the 

methanol crossover of the membranes. Moreover, the thermodynamic 

incompatibility between the hydrophilic chains and the hydrophobic chains 
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maximizes the contact between similar blocks, while minimizes the contact among 

dissimilar blocks [9, 10]. Thus, mesoporous structures are achieved in block 

copolymers by the microphase separation of hydrophilic and hydrophobic segments. 

For instance, when hydrophilic sulfonated polyhydroxystyrene (sPHS) was grafted 

onto the backbone of polystyrene to form poly(styrene-block-sulfonated 

hydrostyrene) (PS-b-sPHS), the membrane with ordered proton conductive channels 

possessed higher proton conductivities than sulfonated polystyrene-block-

poly(ethylene-ran-butylene)-block-polystyrene (sSEBS) membranes with random 

proton channels[11]. Moreover, when the sulfonated poly(2,6-dimethyl-1,4-

phenylene oxide) (sPPO) was grafted by hydrophobic poly(4-fluorostyrene) (PFS) 

side chains, well-ordered mesoporous structure with cylindrical meso-channels were 

formed for the proton transportation[12].   

Molecular weight and temperature affect the mesoporous structure of block 

copolymers. Lamellae (LAM) morphology is discovered in the low molecular weight 

copolymer of poly(styrenesulfonate-methylbutylene) (PSS-PMB), while mesoporous 

structures, such as hexagonally perforated lamellae (HPL) and hexagonally packed 

cylinders (HEX), are found for the high molecular weight copolymer [13]. The effect 

of molecular weight on the morphology of the block copolymers is consistent with 

the self-consistent field theory for the phase behaviour of copolymers [14]. 

Moreover, the low molecular weight copolymer of PSS-PMB shows phase 

transitions from HPL to LAM when the temperature is changed. On the other hand, 

high molecular weight copolymers constantly express the mesoporous structure 

against the temperature [15]. 

The proton conductivity of the PSS-PMB membranes under low RH depends 

strongly on the size of the mesopores. The vapour pressure of water confined in 

meso-channels, 𝑝𝑊
𝑣𝑎𝑝

, is given by Kelvin and Young-Laplace equation[16]: 

                                                     ln (
𝑝w

vap

𝑝w,o
vap) =  −

2𝑎𝑉w𝛾cos𝜃

𝑤𝑅𝑇
                                     (2.1) 

where 𝑝w,o
vap

, 𝛾  and 𝑉w are the normal vapor pressure, the surface tension and the 

molar volume of water, respectively. R is the ideal-gas constant and T is the absolute 

temperature. 𝜃 is the contact angle between water and the pore surface, while 𝑤 is 

the pore size (diameter of cylindrical pores and width of lamellar pores). The value 

of a is 1 for lamellae, and 2 for cylinders. Given that the pores in PSS-PMB 

membrane are perfectly wetting, that is, 𝜃 = 0, calculation indicates that a rapid 
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decrease of the pressure within the hydrophilic pores occurs when the pore size is 

close to 5 nm; that is, when the width of hydrophilic ionic channels is lower than 

5nm, the membrane tends to retain water at low RH and elevated temperatures [13]. 

Besides the pore size, the proton conductivity of block copolymer membranes is also 

dominated by the morphology of the membrane. For instance, sulfonated 

polyestyrene-poly(methyl methacrylate) (sPS-PMMA) self-assembled into LAM 

(Figure 2.2 A), HEX (Figure 2.2 B), and HPL (Figure 2.2 C) morphologies, while the 

pristine PS-PMMA formed a lamellar structure (Figure 2.2 D). The proton 

conductivity of sPS-PMMA diblock copolymers followed the trend of 

ISO<HEX<HPL<LAM, when the proton conductivity of the copolymers was 

normalized by the volume fraction of the conductive domains, as shown in Figure 

2.2 E [17]. This is due to the fact that the lamellar phase possesses a larger swelling 

and greater water uptake than the other morphologies, leading to the high efficiency 

in proton diffusion from –SO3H. 

 

 

Figure 2.2 TEM images of vapor annealing samples: (a) sPS-PMMA, SI_20 (LAM); (b) sPS-

PMMA, S2_17 (HEX); (c) sPS-PMMA S2_35 (HPL); (d) PS-PMMA, lamellar structure and (e) 

the normalized proton conductivity σ/Ø as a function of sulfonation degree. Ø refers to the 

volume fraction of the PS + sPS + water domains.[17]  

S1 

S2 

S3 
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2.3 Functionalized mesoporous silica based PEMs 

Mesoporous inorganic materials possess desirable properties including the large 

surface area, chemical inertness and mechanically stable framework. These materials 

have been extensively studied as potential PEM candidates. Mesoporous materials 

can be embedded in polymeric membranes to form the organic/inorganic composite 

PEMs. The addition of mesoporous materials enhances the water uptake of 

polyelectrolyte membranes and increases their proton conductivity as well as the cell 

performance at high temperatures and low RH [18]. Moreover, the functionalized 

mesoporous materials form effective proton conducting paths through their highly 

ordered channels, which also improve the proton conductivity of the polyelectrolyte 

membranes. Mesoporous silica is one of the commonly investigated mesoporous 

materials with highly ordered mesopores and high thermal stability [19]. Pure 

mesoporous silica shows negligible proton conductivity. For instance, the 

conductivity of a mesoporous silica film was lower than 10
-5

 S cm
-1

 at 90 % RH,[20]  

which is too low to be used in PEMs. However, when the mesoporous silica 

materials were functionalized by proton carriers or conductors, the proton 

conductivity of the materials was significantly increased [21, 22]. Thus, 

functionalization is essential to enhance the proton conductivity of the inorganic 

mesoporous materials or fillers for the potential application as PEMs in fuel cells.  

2.3.1 Sulfonated mesoporous silica fillers for Nafion membranes 

Because of the high surface area, mesoporous silica contains a large number of OH 

groups, which is a promising property for water adsorption. Thus, the introduction of 

hexagonal mesoporous silica MCM-41 into a Nafion membrane improves its thermal 

stability and enhances its water retention [23]. However, the meso-silica/Nafion 

composite membrane generally shows lower proton conductivity than the pristine 

Nafion membrane, as the conductivity of the mesoporous silica filler is much lower 

than that of the Nafion membrane. The decrease in conductivity becomes more 

severe as the content of the silica fillers increases.  

In order to improve the proton conductivity of meso-silica/Nafion composite 

membranes while maintain the high water uptake, mesoporous silica can be 

functionalized by proton conducting groups or proton carriers prior to being 

introduced into the polymer matrix [24]. For instance, the proton conductivity of a 
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composite membrane filled with sulfonated mesoporous silica (SMPS) was 50 times 

higher than that of the composite membrane with pristine mesoporous silica [25]. 

This is also confirmed by the result that the proton conductivity was increased by 

over one order of magnitude at 40 % RH, 80 
o
C when 1 wt.% of sulfonated 

mesoporous organosilicate was added into the PA/PBI membrane [26]. That is 

attributed to the fact that the –SO3H groups in SMPS create efficient proton diffusion 

channels by the hydrogen bond network in the interior surface of the mesopores of 

meso-silica.  

There are two types of proton diffusion mechanisms, namely, vehicle [27] and 

Grotthuss mechanisms [28]. For vehicle mechanism, protons are diffused with the 

aid of water molecules. In Nafion membranes, proton diffusion in the highly 

hydrated state is primarily assumed as the vehicle mechanism. For the Grotthuss 

mechanism, protons transfer by hopping from one site to the neighbouring site by the 

hydrogen bond construction and reorientation of the water molecules. When the RH 

decreases from 98 % to 80 %, the activation energy of Nafion membrane calculated 

in the range of 20 to 95 
o
C doubles from 9.1 to 18.2 kJ mol

-1
, which is in the range of 

characteristic of the Grotthuss mechanism (14 - 40 kJ mol
-1

) [29]. This is due to the 

fact that when RH decreases, the number of hydrated proton carriers is also reduced. 

Consequently, the Grotthuss mechanism will be a preferential pathway for proton 

transportation with minimum hydration water molecules. On the other hand, 

sulfonated mesoporous silica has a high propensity to retain water and inhibits the 

volatility of water in the Nafion membrane at high temperatures and low RH. And 

then the composite membrane shows low dependence of the proton conductivity on 

hydration. The proton activation energy of the composite membrane only slightly 

increases from 7.1 to 7.6 kJ mol
-1

 when the RH decreases from 98 to 80%. 

Therefore, proton diffusion in the sulfonated mesoporous silica based composite 

membranes is most likely to occur via the vehicle mechanism even at critical 

conditions.  

Besides mesoporous silica, hollow silica can also be incorporated into proton 

exchange membranes as a micro-water reservoir [30], resulting in the improved 

water uptake of the composite membranes. Moreover, by combining the water 

reservoir of hollow materials and the periodic proton diffusion paths of mesopores, 

hollow mesoporous silica (HMS) has been developed as a superior proton 

conductive filler under high temperatures and low RH [31]. Hollow mesoporous sili- 
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Figure 2.3 TEM images of (a) solid SiO2; (b) core-shell SiO2; (c) hollow mesoporous silica 

(HMS); (d) sulfonic acid functionalized HMS. (e) is the schematic for the water reservoir of 

functionalized HMS in Nafion composite membrane [39, 40]. 

 

ca is synthesized via two protocols: the template method and the self-templating 

etching method. Hard templates including SiO2 [32], carbon [33], polystyrene (PS) 

[34] and soft templates such as emulsion droplets and vesicles are used as the core 

[35], followed by coverage with a mesoporous silica shell. When the core is etched 

by HF, NaOH or Na2CO3 solutions or calcined at high temperatures, HMS is 

obtained. Self-templating etching includes surface-protected etching [36, 37] and 

structural difference-based selective etching [38]. Different from the hard template 

method, the template, SiO2 for instance, is dissolved in an alkaline solution and 

redeposited into HMS via the assistance of surfactant micelles. Jiang et al. 

synthesized HMS via hard template method (SiO2 as the template, Figure 2.3 a and 
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b) and functionalized it by amino acids with sulfonic acid, phosphoric acid and 

carboxylic acid groups on the surface, as shown in Figure 2.3 d [39]. The acid-based 

HMS particles were incorporated into the Nafion matrix and the composite 

membranes possessed a high proton conductivity up to 1.02 × 10
-2

 S cm
-1

 at 26.1% 

RH, 80 
o
C, which is 11.1 times higher than that of the recast Nafion membrane. 

However, the water uptake of Nafion/HMS (4.0 wt.%) increased from 19.9 % to 

41.2 %, while the swelling ratio slightly raised from 7.42 % to 8.11 %, from 25 
o
C to 

80 
o
C, respectively. That is due to the water reservoir of HMS microspheres with 

large volume of lumen, leading to the water retention under low RH, as shown in 

Figure 2.3 e. [40]  

The filler content significantly affects the performance of the composite 

membranes. When 3 wt.% of sulfonated mesoporous silica was embedded into the 

Nafion membrane, the conductivity of the composite membrane increased from 1.0 

to 1.2 × 10
-1

 S cm
-1

 at 100 % RH, 60 
o
C [41]. On the contrary, the proton 

conductivity of the pristine Nafion membrane decreased to 8.7 × 10
-1

 S cm
-2 

at the 

same condition when 3 wt.% pristine mesoporous silica was added [41]. However, 

when a large amount of sulfonated mesoporous silica (> 10 wt.%) was added into the 

Nafion matrix, the excessive fillers formed the insulative phase by agglomerations, 

which hinders the proton transportation in the Nafion matrix (Figure 2.4). Therefore, 

it is of critical importance to optimize the filler content in the Nafion membrane via 

improved methods for the synthesis, in order to minimize the detrimental effects. 

Pereira et al. [29] synthesized perfluorosulfonic acid/mesoporous silica hybrid 

membranes using evaporation-induced self-assembly (EISA). The silica phase grew 

in the Nafion matrix in the presence of the surfactant, water, the solvent, and the 

catalyst. And mesoporous silica nanoparticles with the average size of 50 nm were 

homogenously dispersed in the Nafion matrix with dense and smooth cross-sectional 

images even when the filler content increased to 13 wt.%. That is presumably due to 

the in situ growth of the inorganic phase entrapped in the polymeric network and 

well-dispersed at the submicronic level creating strong interaction with Nafion.  

Table 2.1 summarizes the proton conductivities of the inorganic/organic hybrid 

membranes based on the Nafion matrix. 
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Figure 2.4 The proton conductivity of native and modified meso-silica in Nafion membranes 

under 100 % RH, 60 
o
C [41]. 

 

Table 2.1 Proton conductivities of Nafion based hybrid membrane with different fillers, and 

functional groups. 

Fillers and content Function 

groups 

Agents Conductivity, × 10
-3

 S 

cm
-1

 

Ref 

MCM-41, 3% ‒ 
‒ 

~100 @100 
o
C, 80%RH 

[23] 

Mesoporous silica, 3% ‒ 
‒ 

87@60 
o
C, 100% RH 

[41] 

Mesoporous silica, 3% -SO3H FSAS 108@60 
o
C, 100% RH 

[41] 

Mesoporous silica, 5% -SO3H TPS 94@40 
o
C, 95% 

[42] 

Mesoporous silica, 13% -SO3H CSPTMS 22@RT, 100% 
[29] 

KIT-6, 2.5% -SO3H FSAS 
‒ [43] 

MCM-41, MCM 48 
-SO3H 

-PO3H2 

-COOH 

PETMS 

MPTMS 

DEPTES 

CMETCS 

‒ [44] 

Mesoporous silica, 5% -SO3H MPTMS 
‒ [24] 

Al-MCM-41, 0.5% -SO3H H2SO4 291@80 
o
C,100 %RH 

[45] 

phenyl-meso-silica, 3% -SO3H H2SO4 12.9@RT, 100 %RH 
[46] 

HMS -SO3H Cysteine 10.2@80 
o
C, 21.6 % [39] 

 -PO3H2 Phosphoserine 7.91@80 
o
C, 21.6 % 

 -COOH Aspartic acid 4.85@80 
o
C, 21.6 % 

 

2.3.2 Sulfonated mesoporous silica for alternative PEMs  

Although the Nafion membrane is the state-of-the-art proton exchange membrane for 
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PEMFCs, its fell-scale application is largely limited by factors including high cost, 

complicated synthesis procedures and being toxic to the environment. Therefore, it is 

essentially important to develop alternative PEMs with high performance, low cost 

and simple methods for the synthesis. Sulfonated aromatic polymers such as 

sulfonated polyimide (SPI), sulfonated polyetheretherketon (SPEEK) and sulfonated 

poly(phenylsulfone) (SPPSU) are the polymer candidates to replace Nafion in 

PEMFCs. 

Sulfonated polyimide membranes demonstrate excellent thermal and chemical 

stability, high ion exchange capacity (IEC) as well as the outstanding proton 

conductivity in hydrated conditions. The effects of mesoporous silica on SPI have 

been comprehensively investigated by Liu’s group in terms of the filler contents and 

the fabrication methods [47-49]. Similar to the fillers in the Nafion membrane, 

sulfonated mesoporous silica in SPI indicates the same bell-shape for the proton 

conductivity against the filler content. Liu et al. indicated that 7.0 wt.% was the 

optimum filler content for sulfonated mesoporous silica with the particle size of ~ 

300 nm and pore size of 2.6 nm in the SPI matrix for the proton conductivity at 

temperatures ranging from 25 
o
C to 80 

o
C, 100 % RH [48].  

Sulfonated mesoporous silica has two functions for the incorporation in SPI 

membranes. First, sulfonated mesoporous silica has a high surface area; that is, a 

large number of Si-OH groups are exposed to water absorption. Second, the 

embedded sulfonated mesoporous silica limits the mobility of the polymer chains 

due to the strong interaction between the mesoporous silica particles and the SPI 

molecules. With the increase of the filler content, micro-phases with connected 

structures form in the SPI composite membrane, leading to improvements of the 

water retention and proton conductivity of SPI membranes. On the other hand, when 

excess fillers are embedded into the matrix, they tend to aggregate and consequently 

reduce the water uptake and decrease IEC of the composite membranes [47].  

Generally, due to the aggregations of the sulfonated mesoporous silica at high 

content in SPI matrix by the simple blending and casting method, the content of the 

material in SPI is limited. In order to eliminate the aggregations of the nanoparticles, 

in situ synthesis of mesoporous silica in SPI was developed [49]. In comparison with 

the blending method, the amount of mesoporous silica reached up to 30 wt.% in the 

SPI matrix via the in situ sol-gel and self-assembly approach; and the properties of 

the composite membrane in terms of water uptake and proton conductivity improved 
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with the increase of the filler content in SPI [49].  

Similar to SPI, proton exchange membranes such as SPEEK and SPPSU, 

fabricated via simple procedures at low cost, have also shown the excellent proton 

conductivity and stability [50-52]. The mesoporous structure of sulfonated 

mesoporous silica maintains the water content at a high level even at a low RH 

because of the capillary condensation effect. Moreover, the periodic sulfonated 

proton diffusion channels facilitate the proton transportation. Herein, blending of 

sulfonated mesoporous silica into SPEEK and SPPSU improves the thermal 

properties, water uptake, proton conductivity and cell performance of the pure 

membrane. For instance, when sulfonated SBA-15 particles were added into SPPSU, 

the composite membrane had a high proton conductivity of 5.9 × 10
-3

 S cm
-1

 after 

130 min elapsed time under a dehydrated condition (50 % RH) at 80 
o
C, higher than 

3.6 × 10
-3

 S cm
-1 

of the pristine SPPSU membrane[53]. Moreover, when sulfonated 

cube mesoporous benzene-silica (SMBS) (Im3̅m) was added in SPEEK, the proton 

conductivity of the composite membrane increased up to 70 
o
C at 40 % RH; by 

comparison, the proton conductivity of Nafion 117 membrane sharply dropped when 

the temperature was raised beyond 60 
o
C under the same RH[54].  

 

 

Figure 2.5 Proton conductivity of sPEEK65/OSPN/SMBS composite membranes at different 

relative humidity (100 °C).[57] 
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In order to further increase the conductivity of the composite membrane, a high 

degree of sulfonation for SPEEK is required. However, the high level of sulfonation 

results in high water uptake, leading to the decrease of the mechanical strength of 

SPEEK. The membrane becomes too brittle in the dry condition to make the MEA. 

One classic approach to increase the mechanical strength of SPEEK at the high level 

of sulfonation is to employ an interpenetrating polymer network (IPN) [55, 56]. For 

instance, when 10 wt.% SMBS was added into the IPN structure with an 

organosiloxane network (OSPN, 20 wt.%) and SPEEK (65% in sulfonation degree), 

the ternary composite membrane showed a higher elongation before breaking than 

SPEEK.[57] Besides, it exhibited higher water uptake than that of the pristine 

SPEEK membrane [57]. Furthermore, the ternary composite membrane showed 

higher proton conductivity than that of the pristine SPEEK membrane and that of the 

binary composite membrane either with OSPN or SMBS, especially in the low RH 

(Figure 2.5).[57] This is due to the high water retention at low RH, derived from the 

capillary condensation effect of the 2D periodic cylindrical channels of SMBS. 

2.3.3 Sulfonation of mesoporous silica 

 

 

Figure 2.6 Co-condensation and post synthesis for the functionalization of mesoporous silica 

materials. 
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The organic functionalization of mesoporous silica generally follows two protocols, 

either by post-grafting of the functional groups to accessible pore surfaces after the 

formation of inorganic framework [58, 59] or by co-condensation of the functional 

species as the inorganic framework [60], as shown in Figure 2.6. The post-grafting 

functionalization method is based on the reaction of organic silanes with the 

framework of mesoporous silica [61]. Sulfonation of meso-silica is generally 

achieved by a thiol path [62] such as 3-(trihydroxysilyl)-1-propanesulfonic acid 

(TPS), mercaptopropyltrimethoxy silane (MPTMS) and a sulfonic path [63, 64] such 

as 1,2,2-trifluoro-2-hydroxy-1-trifluoromethyl-ethanesulfonic acid sultone (FASA) 

under a relatively harsh condition for a comparatively long reaction time. This 

protocol allows for a wide range of functional groups to be anchored on the surface 

of mesoporous silica with weak deterioration effects on the periodical properties of 

the silica support. Moreover, alternative groups can be anchored on the surface of the 

silica support (i.e. -NH2) to bridge the functional organic groups and the silica 

support if appropriate silane moieties are not available [39]. However, the major 

challenges for the post-grafting protocol are the control of the acid density and the 

distributions of grafted functional groups.  

The other protocol is the co-condensation one-step method that involves the self-

assembly of hydrolyzed tetraalkoxysilanes ((RO)4Si) with hydrolyzed 

trialkoxyorganosilane s((RO)3SiR’), where R and R’ are organic species, via 

structural-directing agents (SDAs) to functionalize mesoporous silica. However, the 

loading and diversity of the functionalities are limited by the collective compatibility 

of various components under the synthesis conditions. Furthermore, high 

concentration of the silane precursor species are detrimental for the mesoporous 

structural ordering of the materials [65]. The co-condensation method achieves a 

large number of functional sites with higher IEC for mesoporous silica, larger 

uniform pores, higher surface area and better long-range order than the post-grafting 

method. Moreover, it can be conducted under mild and simple synthesis conditions; 

and is less time-consuming, involving less material consumptions, than the post 

grafting method [66]. 

In comparison with the sulfonation of mesoporous silica, sulfonation of periodic 

mesoporous organosilica (PMO) is simpler and can be carried out under relatively 

mild conditions [67]. PMO was discovered by three independent research groups, 

Ozin et al.[68], Stein et al.[69], and Inagaki et al.[70] in 1999. PMO has both organic 
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and inorganic groups as the integral part of the porous framework where organic 

groups are located within the pore walls as bridges between Si centres. Tsai et al. 

synthesized the PMO of mesoporous phenyl-silica via both TEOS and 

phenyltriethoxysilane (PTES) as the precursors; and then PMO was sulfonated by 

concentrated sulfuric acid to form the sulfonated PMO [46]. When 3 wt.% of 

sulfonated mesoporous phenyl-silica was added into the Nafion matrix, the 

composite membrane expressed 2 times higher water uptake and a slightly higher ion 

exchange capacity in comparison with the pristine Nafion 212 membrane. Moreover, 

the composite membrane achieved the power density of 414 mW cm
-2

 at 65 
o
C under 

a dry condition [46], which is regarded as a milestone for the application of Nafion-

based composite membranes without external humidification. 

The introduction of heterogeneities in the silica support, such as Al, significantly 

improved the water retention of the mesoporous matrix materials at elevated 

temperatures (100 – 200 
o
C) because of the strong BrØnsted acidity [71]. 2D 

27
Al 

{
1
H} HETCPR NMR spectra showed a dominant 2D intensity correlation at 3.0 ppm 

in the 
27

Al dimension and 4.0 ppm in the 
1
H dimension, indicating the interactions 

between adsorbed water and Al
IV

 aluminosilica species (Figure 2.7A) [72]. On the 

contrary, the 2D 
29

Si {
1
H} HETCPR NMR spectra demonstrated the strong dipole-

dipole couplings between the Q
3
 
29

Si species and the hydroxyl groups by the strong  

 

 

Figure 2.7 Interactions of (A) water and hydroxyl species and (B) grafted PFSA and triflic acid 

with 
29

Si and 
27

Al moieties.(C) proton conductivities against temperature (50 % RH) and (D) 

triflic acid concentrations at ambient condition (20 
o
C, ~40 % RH).[72] 
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correlated signal intensity at 1.6 ppm in the 
1
H dimension and -102 ppm in the 

29
Si 

dimension. The covalently grafted PFSA moieties interacted strongly with the Q
3
 

29
Si sites, as the position of Q

3
 

29
Si shifted from -115 ppm to -102 ppm[73]. By 

comparison, triflic acid species showed a selective interaction with ungrafted Q
3
 or 

Q
4
(
1
Al) 

29
Si species and interactions with six-coordinate aluminosilica 

27
Al 

mesopores surface sites, as shown in Figure 2.7B.  

The proton diffusion rate in aluminosilicate is expected to be similar with that in 

the aqueous solutions, where protons move along the hydrogen bonds [45]. 

However, the replacement of Si atoms by Al atoms in the interior mesopores surface 

is at the cost of surface silanol sites available for proton conductive functional 

groups, independent of the temperature or RH. Nevertheless, the trade-off 

relationship between the proportion of the functional groups and aluminosilicate 

content of the silica support can be optimized. Athens et al.[72] optimized the 

contents for silanol sites replaced by aluminosilicate and PFSA, corresponding to 

high hydrophilicity and strong acidity (Figure 2.7C and D), respectively. The 

optimized content for aluminosilicate and perfluorosulfonic-acid surface grafting 

densities in the multifunctionalized mesoporous silica film with 3.5 wt.% Al and 5 

wt.% PFSA yielded the maximum proton conductivity of 7.7 × 10
-3

 S cm
-1

 at 

temperatures ranging from 20 to 140 
o
C under 50 % RH, higher than the pure PFAS-

grafted meso-silica and high aluminosilicate replaced cubic mesoporous films. 

2.3.4 Pore structure and acidity of mesoporous silica 

Pore structures in terms of dimensionality, pore size and morphology also influence 

the proton transportation under the conditions of similar acid loading. Mesoporous 

MCM-48 with a large pore size and three dimensional (3D) interconnected pore 

structures displayed higher proton conductivity than small pore zeolite beta and one 

dimensional pore structure MCM-41 with a pore size less than 4 nm [44]. To further 

improve the proton conductivity, sulfonated KIT-6 with a pore size of 8 nm and three 

dimensional interconnected pore structures were incorporated into the Nafion 

membrane with superior properties in terms of proton conductivity and cell 

performance under 72 % RH at 120 
o
C [43]. The enhanced water uptake, provision 

of strong acid sites and high bulk to surface water ratio are the critical factors for the 

high proton conductivity at low RH conditions. 
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The acidity of the organic groups in mesoporous silica materials is a critical 

factor that affects the activity of Nafion-based hybrid membranes. Aryl sulfonic acid 

(S-MP) mesoporous silica exhibits the highest conductivity followed by the propyl 

sulfonic acid (S-PE) containing samples, phosphonic acid (P) functionalized 

mesoporous silica, and finally carboxylic acid (C) functionalized mesoporous silica, 

where these four types of organic functional groups have the similar acid loading in 

MCM-41[44]. Tominaga et al. [42] synthesized three types of silica materials, 

including SiO2 sphere (p-SiO2), mesoporous silica (Ne-MPSi) and sulfonated 

mesoporous silica (Su-MPSi) with the acidity of 0.06, 0.38 and 0.46 mmol g
-1

, 

respectively. With 5wt.% of the fillers embedded in the Nafion matrix, the 

Nafion/Su-MPSi composite showed the highest proton conductivity at 40 
o
C, 95% 

RH, which is attributed to the strong acid sites mainly located on the internal 

surface.[42] 

The pore size and the acidity control the relationship between the proton 

conductivity and the water sorption process in the mesopores via Kelvin equation 

[74]. According to the Kelvin equation, the relative vapour pressure at the capillary 

condensation increases with the increase of the contact angel between the pore 

surface and water molecules and of the diameter of pores. The increase of acidity in 

the mesopores decreases the contact angle due to the hydrophilicity of the sulfonic 

acid groups. Thus, the conductivity of the mesoporous silica thin film drops steeply 

at medium RH with the steep decrease of water adsorption, respectively (Figure 2.8a 

 

 

Figure 2.8 Water uptake (a) of sulfonic acid functionalized mesoporous silica films at 25 
o
C 

against RH values. Water sorption at high (b) and low (c) acid density at low RH and proton 

channel formation.[75] 
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)[75]. Moreover, the RH with the steep change in proton conductivity shifts lower 

with the decrease in the pore size and increase in the acid density, which corresponds 

well with the water vapour adsorption-desorption isotherms. Shannon and his 

colleges revealed that the proton conductivity of the sulfonated mesoporous silica 

films was almost independent of RH which can be as low as 20%, while the 

membrane with large pores showed a decline, beginning at a high level of humidity 

(50 – 60 %)[74]. The small pore size and high density of sulfonic acid groups can 

effectively conduct protons in the presence of a small amount of water (Figure 2.8b), 

while the large pore size and low density of sulfonic acid groups require a large 

amount of water to form proton channels (Figure 2.8c). Thus, the pore size and 

acidity of mesoporous silica controls the RH position at the steep change by the 

Kelvin equation, and the mesoporous electrolyte with small pore size and high acid 

density achieves high proton conductivity at low RH.  

Overall, the confinement of –SO3H groups in the mesopores of silica materials 

reduces the dependence of proton conductivity on hydration. And the water retention 

of the sulfonated mesoporous silica could be tuned by the pore size, space 

symmetries of the pore structure, and the acidity density of acid groups. However, 

the intrinsic proton conduction mechanism of –SO3H groups requires the 

incorporation of water molecules. The boiling point of water limits the proton 

transportation at elevated temperatures. By comparison, non-aqueous mediators are 

able to transfer protons at elevated temperatures and anhydrous conditions. In this 

regard, the replacement of water with non-aqueous mediators, such as imidazole, 

triazole, phosphoric acid and ionic liquids for proton transportation has attracted 

great attention.  

2.4 High temperature proton conductors for PEMs 

Heterocyclic compounds such as imidazole and triazole play a role of proton 

transport mediator similar to water. The proton transport in the heterocyclic moieties 

is determined by the Grotthuss-type mechanism where a proton transports from one 

heterocyclic ring to a neighbour one via hydrogen bond construction and 

deconstruction, and subsequent reorientation of the heterocycle [76]. Low 

dependence on humidity and the high proton conductivity at high temperatures and 

low humidity, therefore, are expected for the heterocyclic moieties [77]. 
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2.4.1 Imidazole 

Imidazole groups are known to be involved in proton transferring biological systems; 

and according to the ab-initio calculation, they can act as proton acceptors, donors 

and proton shuttle species because of their amphoteric and self-dissociation character 

with acidic protons at –NH- and basic sites at =N- [78, 79]. Accordingly, protonation 

of imidazole gives symmetrical imidazolium cations; and protons are transferred 

from one imidazole group to the other imidazole group [77]. Moreover, imidazole 

based materials (i.e. polybenzenemidazole) combined with phosphoric acid have 

been employed as PEMs for the fuel cell application at high temperatures and 

anhydrous conditions [81-83]. 

Three types of imidazole groups have been grafted on the interior mesopores 

surface of MCM-41, as shown in Figure 2.9 [80]. Because of the occupation of one 

N atom in N-imi-MCM-41 for the anchorage of the imidazole group, the proton 

acceptance capacity (PAC) of N-imi-MCM-41 is lower than that of imi-MCM-41 

with two N-atoms for the proton uptake, resulting in a lowered conductivity by two 

orders of magnitude compared with that of imi-MCM-41. Furthermore, when the fle 

xible chain was lengthened from 3 carbon atoms to five carbon atoms by combining 

the imidazole group via forming a peptide bond on amino-anchors (pep-imi-MCM-

41), the PAC and the proton conductivity of MCM-41 were significantly improved 

from 0.21 mmol g
-1

 to 0.79 mmol g
-1

 and from 10
-5

 S cm
-1

 to 10
-4

 S cm
-1

 (100 % RH, 

 

 

Figure 2.9 Three types of imidazole groups grafted on mesoporous silica surface (A) N-imi-

MCM-41, (B) imi-MCM-41 and (C) pep-imi-MCM-41.[80] 
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140 
o
C), respectively. This is most likely due to the high imidazole loadings (PAC 

values) and long spacing between the silica host and the protonic groups, which 

allows the anchored imidazole group to reach each other easily[84]. 

Moreover, as the amphoteric character of imidazole diminishes the dependence 

of proton conductivity on humidity, imidazole functionalized mesoporous silica can 

be employed as fillers in sulfonated polymers for the proton conductivity 

improvement. Furthermore, ionic paths are formed by the hydrogen bonding 

interactions between the imidazole moieties and the sulfonic acid groups, which also 

enhances the proton diffusion [85]. For instance, when imidazole functionalized 

mesoporous silica was introduced into the Nafion membrane, a maximum 

conductivity of 1.06 × 10
-2

 S cm
-1

 was achieved at 130 
o
C under anhydrous condition 

with a 5 wt.% filler loading. Moreover, the conductivity of the composite membrane 

was stable under such as the harsh condition for 76 h [86]. However, the proton 

conductivity dropped for the further durability test due to the structural 

reconfiguration process above the glass transition point of the Nafion membrane 

(~126 
o
C), ending a distorted cross-linking geometry of the polymer matrix and 

discontinuity of proton conducting network paths [86]. 

2.4.2 Triazole 

Triazole has a similar molecular structure to imidazole, and hence may transfer 

protons via a similar mechanism. 1H-1,2,4-triazole (mp: 120 
o
C and bp: 256 

o
C) has 

a proton conductivity of 1.2 × 10
-3

 S cm
-1

 at 120 
o
C under the anhydrous state[87], 

while 1H-1,2,3-triazole (mp: 23 
o
C and bp: 203 

o
C) has proton conductivity of 1.5 × 

10
-4

 S cm
-1

 at the room temperature in the liquid phase[88]. This indicates that self-

dissociation of 1H-1,2,4-triazole and 1H-1,2,3-triazole generates protons and the 

proton diffusion rate is considerably high, similar to the case of imidazole. 

Moreover, the acidity of 1H-1,2,3-triazole (pKa1 = 1.17, pKa2 = 9.26) is higher than 

imidazole (pKa1 = 7.18, pKa2 = 14.52), indicating higher proton conductivity than 

imidazole[89]. Triazole is a small molecular and is also susceptible to the leaching 

problem during the fuel cell operation, resulting in the continuous decrease in the 

conductivity. Nevertheless, triazole molecules could be fixed on silica materials to 

efficiently relieve the leaching problem. 

Generally, triazole molecules are grafted on the interior pore surface of 
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mesoporous silica by chemical bonds via the reaction between the triazole precursor 

and the hydroxyl groups in mesoporous silica. For instance, benzotriazole-5-

carboxylic acid (BTCA) was anchored onto SBA-15 by the groups of carboxylic acid 

and hydroxyl group[90]. The addition of BTCA/SBA-15 particles into the Nafion 

membrane significantly enhanced the proton conductivity of the matrix under 10 % 

RH, 150 
o
C and the proton conductivity increased with the increase of the filler 

content in the range of 2.3 – 5.6 wt.%[90]. The enhancement effect is due to the 

guide effect in the aligned mesoporous channels of SBA-15 by the intermolecular 

proton transportation among the adjacent BTCA molecules, and the improved water 

retention of mesoporous silica.  

2.4.3 Protic ionic liquids 

Protic ionic liquids (PILs) are non-aqueous proton carriers with a high ionic 

conductivity, non-volatility and chemical stability as well as thermal stability up to 

300 
o
C [91, 92]. Ionic liquids consist of BrØnsted acids and bases and the interacted 

hydrogen bond acts as the proton carrier path. They have been extensively 

introduced into polymer to improve their conductivity at anhydrous conditions [93]. 

However, ionic liquids are relatively small molecules in the form; and therefore, can 

be easily leached out the composite membrane [94]. On the other hand, mesoporous 

materials are able to confine the ionic liquid in the mesopores, which hinders the 

release of ionic liquid [95]. For instance, the pure PILs/poly(styrene-co-acrylonitrile) 

(SAN) and SiO2 sphere composite membrane almost lost all the ionic liquid after a 4 

h extraction by distilled water, while the mesoporous PILs/meso-silica/SAN 

composite membrane retained 20 wt.% of the ionic liquid under the same extraction 

process [96].  

Considering the proton conductivity, the addition of mesoporous materials into 

the PILs/polymer composite has two competing effects [97]. The periodic channels 

in the mesoporous materials facilitate the proton transportation in the inorganic 

materials. At the same time, mesoporous inorganic fillers block the movement of 

polymer molecular chains and make the proton channels in the matrix tortuous, 

resulting in a disturbance in proton diffusion. That is why the proton conductivity of 

PILs composite membrane shows a volcano shape against the addition of 

mesoporous silica [97]. Generally, the optimum filler content is in the range of 1 ‒ 5 
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wt.%, depending on the properties of the polymer matrix [98].  

Moreover, the pore size of mesoporous silica affects the proton diffusion of ionic 

liquids in the mesopores of the inorganic fillers. The higher the ratio of surface 

area/pore volume, that is, the smaller the pore size, the higher the proton 

conductivity obtained, as the small pores favour the formation of PIL conductive 

channels. For instance, when the pore size of SBA-15 decreased from 17.4 nm to 9.5 

nm, the proton conductivity of poly(methyl methacrylate) (PMMA)/PIL/SBA-15 

composite membrane increased from 2.8 × 10
-3

 S cm
-1

 to 9.4 × 10
-3

 S cm
-1

 at 160 
o
C, 

0 % RH [99]. Furthermore, the mesopores in small sizes favour the PIL retention 

because of the strong capillary forces within the mesoporous silica materials.  

The morphology of mesoporous silica will also affect the proton conductivity of 

PILs based composite membranes. Hwang et al. [99] discovered that platelet-shaped 

SBA-15 with short pore channels was more effective in improving the proton 

conductivity of the PMMA/IL/SBA-15 composite membrane than fibre-shaped 

SBA-15 with long channels, probably due to the shortened distance and improved 

efficiency for proton diffusion in the platelet of SBA-15.  

2.4.4 Phosphoric acid 

Similar to protonic small molecules including imidazole, triazole and ionic liquids, 

phosphoric acid also shows the high proton conductivity and thermal stability at 

elevated temperatures and low RH [100]. Phosphoric acid has been extensively 

applied in PEMs combined with basic polymers, such as PBI [101]. However, the 

acid-base composite membrane suffers from the acid leaching problem during the 

prolonged operation in fuel cells [102]. Impregnating PA into the mesopores of 

mesoporous silica is a good way to solve the leaching problem of PA. Zhao et 

al.[103] introduced phosphorated mesoporous silica into the Nafion membrane, and 

the proton conductivity of the Nafion membrane was substantially increased to 3.39 

× 10
-1

 S cm
-1

 at 100 %RH, 115 
o
C by an addition of 5.0 wt.% of fillers. In addition to 

mesoporous silica, hollow mesoporous silica was also employed by Jiang et al. as a 

PA reservoir because of the large volume to improve the conductor adsorption. When 

HMS was impregnated by amino tri(methylene phosphoric acid) (ATMP), the 

addition of HMS-ATMP with a loading of 7.5 wt.% significantly increased the 

proton conductivity of chitosan by two orders of magnitude from 1.1 × 10
-4

 S cm
-1

 to 
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1.2 × 10
-2

 S cm
-1 

[31].  

Zeng et al. [104, 105] fabricated a novel PA/meso-silica composite membrane 

based on the sintered mesoporous silica disks. They found that the sintering 

treatment for the meso-silica disk significantly increased the mechanical strength of 

mesoporous silica disks and improved the operation temperatures by getting rid of 

the polymeric binder. After PA being impregnated into the mesopores of the sintered 

mesoporous silica disk (PA/meso-silica) with a loading of 27.7 wt.%, superior 

conductivity was achieved in comparison with the PA/PBI membrane and the PA-

porous-silica membrane at a range of elevated temperatures (Figure 2.10A). 

Outstanding proton conductivity of 6.0 × 10
-2

 S cm
-1

 was achieved at 200 
o
C under 

the anhydrous condition while excellent power output of 689 and 200 mW cm
-2

 was 

obtained in the H2/O2 and the methanol/O2 systems without humidification at 190 
o
C, 

respectively.  

The PA/meso-silica membrane meets with two critical challenges. One is the 

sintering temperature. When the silica membrane is treated at temperature higher 

than 650 
o
C, the mesoporous structure remains intact at 750 

o
C and completely 

collapses at 850 
o
C[104]. The other one is the degradation of PA during the operation 

at high temperatures. However, the degradation of PA is determined by the water 

content and the temperatures. Thus, when external water is added into the fuel cell, 

the PA degradation is impeded. The hypothesis was confirmed by the superior 

performance of PA/meso-silica by adding 1 or 3 % water content, otherwise the 

performance decreased along with the fuel cell operation, as shown in Figure 2.10B. 

 

 

Figure 2.10 (A) The proton conductivity of composite membranes against temperature under 

anhydrous condition (PBI/PA membrane from [107]). (B) Single cell performance of PA/meso-

silica membrane based fuel cell in H2/O2 at 190 
o
C. [104]  
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Although the PA/meso-silica based fuel cell demonstrates the excellent cell 

performance, the thermal and chemical stability of PA/meso-silica composite 

particles are not satisfactory for a long-term use at elevated temperatures. Yi et al. 

[106] found out that the structure of mesoporous silica remained intact under the heat 

treatment below 80 
o
C for 24 h; while the structure completely collapsed along with 

a growth of the particle size when the composite particles were annealed above 200 

o
C for 24 h. The Fourier Transform Infrared Spectroscopy (FT-IR) results showed 

that the Si-O-Si asymmetric stretching band at 1086 cm
-1

 blue shifted with the 

increase of the annealing temperatures due to the characteristic vibration peak of P-

O-P and Si-O-P.[106] Besides the peak at round 110 ppm of amorphous silica (Si-

(OSi)4) by 
29

Si MAS NMR, a new peak was detected at around 210 ppm, 

corresponding to the presence of (Si3(PO4)4 or Si(HPO4)2).[106] That is due to the 

formation of phosphor silicate between PA and mesoporous silica. 

2.4.5 Alternative mesoporous materials for PEM 

Besides highly ordered mesoporous silica, mesoporous structures have also been 

introduced into other materials including titanium dioxide (TiO2) [107], zirconium 

phosphate (Zr3(PO4)4) [108], iron phosphate (FePO4) [109], lanthanum phosphate 

(LaPO4) [110, 111] and titanium phosphate (Ti3(PO4)4) [112] as PEMs. Mesoporous 

anatase TiO2/Nafion composite membrane (3.0 wt.%) shows 5.7 times higher 

performance (669 mW cm
-2

) than the recast Nafion membrane at 50% RH, 120 
o
C, 

as mesoporous anatase TiO2 confines a high content of water in its mesopores [107]. 

The surface area of the filler in the composite membrane determines the performance 

of the composite membrane based cells at low temperatures (< 90 
o
C), while the 

amount of water in the mesopores of the fillers plays a critical role in improving the 

cell performance at high temperatures (120 
o
C). 

Acid metal phosphates are solid proton conductors, while proton diffusion of 

metal acid phosphate is determined by the surface functional group -OH in the 

interlay with the presence of water [113]. Given that the mesoporous structure is 

introduced into the acid metal phosphate, its surface area could be significantly 

enlarged. Thus, the proton conductivity of the acid metal phosphate could be 

substantially increased due to the large number of exposed –OH groups. For 

instance, when a worm-like mesoporous structure was introduced into Zr3(PO4)4 
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with pore size in the range of 2 – 4 nm and surface area between 78 - 174 m
2 

g
-1

, the 

conductivity of the material reached up to 4.1 × 10
-6

 S cm
-1

 at 84 % RH, 22 
o
C [108]. 

Generally, the mesoporous acid metal phosphate materials are synthesized by the 

acid-based pair synthesis way via templates, such as Pluroic, P123, F127 and F108, 

C14-Br, cetytrimethylammonium (CTAB), and sodium dodecyl sulfate (SDS). 

Moreover, organic groups can also be embedded into the framework of metal 

phosphate to improve the conductivity of the substrate, similar to the PMO. For 

instance, sulfonated mesoporous iron oxophenyl phosphate was produced via the 

oxophenyl sulfonation by fuming sulfuric acid for mesoporous iron oxophenyl 

phosphate. And proton conductivity of 1.0 × 10
-2

 S cm
-1

 was obtained for sulfonated 

mesoporous oxophenyl phosphate at 100 % RH and room temperature [109]. 

 

Table 2.2 The properties of mesoporous materials for proton exchange membranes. 

Matrix Fillers and content Function  

groups 

agents Conductivity, mS 

cm
-1

 

Ref 

N/A SBA-15, 5.6 wt.% triazole BTCA 0.852@150 
o
C, 

10 % RH 

[90] 

N/A Sulfonated SBA-

16 disk 

Ionic liquid BMIm-BF4 11.4@160 
o
C, 0 % 

RH 

[95] 

MCM-41, 6.0 

wt.% 

Ionic liquid EIm-TfO 12@160 
o
C, 0 % RH [96] 

Nafion Meso-silica, 3.0 

wt.% 

Ionic liquid N/A 54.6@90 
o
C, 30 % 

RH 

[97] 

Platelet SBA-15, 

5.0 wt.% 

Ionic liquid BMIm-TFSI 5.3@160 
o
C, 0 % 

RH 

[99] 

N/A MCM-41, 5.0 

wt.% 

Ionic liquid N/A 67.4@150 
o
C, 0 % 

RH 

[98] 

SAN Sintered meso-

silica disk 

PA PA 60@190 
o
C, 0 % RH [105] 

Nafion Hollow 

mesoporous 

 silica, 7.5 wt.% 

-PO3H2 ATMP 12@80 
o
C, 78 % RH [31] 

PMMA MCM-41, 5.0 

wt.% 

-PO3H2 POCl3 339@80 
o
C, 100 % 

RH 

[103] 

Nafion HMS, 4.0 wt.% -SO3H Cysteine 10.2@80 
o
C, 21.6 % 

RH 

[39] 

-PO3H2 Phosphoserine 7.91@80 
o
C, 21.6 % 

RH 

-COOH Aspartic acid 4.85@80 
o
C, 21.6 % 

RH 

SPI Meso-silica, 7.0 

wt.% 

-SO3H MPTMS 42.5@80 
o
C, 100 % 

RH 

[48] 

SPEEK Meso-silica, 10.0 

wt.% 

-SO3H H2SO4 17@70 
o
C, 40 % RH [54] 

SPPSU SBA-15, 0.5 wt.% -SO3H MPTMS 5.9@80 
o
C, 50% RH [53] 
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In order to further increase the proton conductivity of the mesoporous metal 

phosphate materials, proton conductors such as PA have been impregnated into the 

mesopores. The impregnation of PA significantly increased the proton conductivity 

of metal phosphate to around 1.0× 10
-2

 S cm
-1

 at elevated temperatures between 120 

– 180 
o
C, 20% RH with a PA content as low as 5.0 wt.%. And the conductivity value 

is comparable with the Nafion membrane at a fully hydrated state[110]. Properties of 

selected mesoporous PEM materials are listed in Table 2. 

2.5  Conclusions 

Mesoporous materials possess periodic and interconnected channels and high surface 

areas. Because of the capillary condensation effect of mesoporous channels, they 

show strong capability to retain water at low RH and high temperatures. Moreover, 

water molecules confined in the mesopores induce the proton transportation by 

forming protonic charge carriers through hydrogen bonding. Herein, the introduction 

of mesoporous structure into PEMs not only facilitates the proton conductivity but 

also alleviates the dependence of proton conductivity of PEMs on RH. Mesoporous 

polymer membranes, such as mesoporous sulfonated block copolymers and 

mesoporous inorganic-polymer composite membranes, such as sulfonated 

mesoporous silica based composite membranes are directly employed as the PEMs 

for fuel cells. The space symmetry, pore size, porosity and ordering level of the 

mesoporous materials and functionalized mesoporous materials are the critical 

factors to obtain the optimum performance of PEMs for fuel cells. 
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Chapter 3 Comprehensive strategy to design highly ordered 

mesoporous Nafion membranes for fuel cells under low humidity 

conditions 

3.1 Introduction 

Nafion membrane is the state-of-the-art proton exchange membrane because of its 

high proton conductivity in fully hydrated state, good mechanical property, chemical 

stability and structural integrity.[1-3] However, the high dependence of the proton 

mobility in Nafion membrane on high relative humidity requires the high level of 

RH for the stable operation of Nafion membrane based fuel cells, which not only 

complicates the water management but also increases the cost.[4] The high 

sensitivity of Nafion membrane to RH is mainly due to the fact that Nafion 

membrane has a non-ordered nanostructure consisting of hydrophobic perfluorinated 

main chains surrounded by hydrophilic ionic domains that swell upon hydration.[5-

7] The growth of ionic domains during water sorption induces a phase-separation, 

where water-swollen ionic domains tend to interconnect with nanochannels and thus 

facilitate water and ion transport through the hydrophobic polymer matrix.[8] 

However, the water channels in the Nafion membrane are random, which results in 

inherent limitations in the relatively low water retention ability of conventional 

Nafion membrane.[9]  

We have shown early that mesoporous structures could be introduced into the 

Nafion membrane via a soft template method.[10, 11] In this method, a non-ionic 

block copolymer surfactant, PEO127-PPO48-PEO127 (Pluronic F108) was introduced 

during the formation of Nafion membranes and the surfactant embedded in the 

synthesized Nafion membranes was removed by reflux with hot water, forming 

mesoporous structures in Nafion. The mesoporous Nafion membranes synthesized 

by a soft template method show higher water retention and proton conductivity than 

the pristine Nafion membrane due to the vapour condensation effect within the 

confined space of the mesoporous channels.[12, 13] However, the degree of order of 

the mesoporous structure is rather low because it is difficult to form highly ordered 

micelles in the solution due to the flexible non-ionic block polymer chains. That is 

indicated by the low resolution and broad small-angle x-ray scattering (SAXS) peak 

of as-synthesized mesoporous Nafion.[11] In order to increase significantly the long-
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range period and ordered mesoporous structures, we employed silica colloidal as the 

mediator in addition to the non-ionic surfactant to facilitate the formation of highly 

ordered mesoporous Nafion membranes.[14] The presence of silica colloidal 

mediator significantly increased the degree of order of mesoporous structure of 

Nafion membrane. However, the formation of a mesoporous Nafion nanostructure 

and the interactions between non-ionic block copolymer surfactant, silica colloidal 

and Nafion ionomers are largely unknown although the formation of mesoporous 

silica materials via the nonionic block polymer template has been extensively studied 

[15-17]. 

Therefore, a fundamental understanding of the interaction among nonionic block 

copolymer micelles, Nafion ionomers and silica precursor is of scientific and 

technological importance in order to optimize the structure and proton conductivity 

properties of PFSA-based membranes like Nafion for fuel cells applications. On the 

other hand, although the presence of highly ordered mesoporous structures in Nafion 

membrane enhances the water retention and proton conductivity of the membranes 

under reduced RH [11, 18], the relationship between the performance of the highly 

ordered mesoporous Nafion membrane based fuel cells and structural symmetries 

needs to be identified in order to evaluate the external humidity dependence of the 

mesoporous Nafion membranes. Consequently, understanding the effect of 

morphology and microstructure on the proton transportation and the water retention 

capability of the Nafion membrane is crucial in the development of efficient Nafion 

membrane-based energy-conversion and storage devices such as fuel cells and 

electrolysis. 

Here, the SAXS technique was applied to analyse the microstructures of as-

synthesized mesoporous Nafion membranes. Furthermore, we employed in situ time-

resolved synchrotron SAXS to study the micelles and mesoporous structure 

formation assisted with silica colloids. The microstructure, mesoporous symmetry, 

pore size, proton conductivity and performance of the mesoporous Nafion 

membranes were studied in detail. Cell performance results showed that highly 

ordered mesoporous Nafion membranes possessed substantially high tolerance 

towards RH fluctuation as compare to the pristine Nafion membranes, and could be 

operated under anhydrous conditions. 
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3.2 Experimental 

3.2.1 Materials 

All reagents were used as received without further purification. Nonionic triblock 

copolymers, including poly(ethylene oxide)-b-poly(propylene oxide)-b-poly-

(ethylene oxide) copolymer EO20PO70EO20 (Pluronic
®
 P123, MW = 5800) and 

EO106PO70EO106 (Pluronic
®
 F127, MW = 12600), TEOS and n-butanol (99.4%) were 

purchased from Sigma-Aldrich. 1,3,5-trimethylbenzene (TMB, 99%), concentrated 

HCl (AR), HF (40%), KCl (AR) and ethanol (AR) were purchased from Shanghai 

Chemical Company. Nafion 520 ionomers (EW = 1000, 5 wt %) was purchased from 

DuPont, USA. 

3.2.2 Synthesis of Nafion membranes with different structure symmetries 

Mesoporous Nafion with four different mesoporous structure symmetries, including 

2D hexagonal (denoted as 2D-H), 3D face-centred cubic (denoted as 3D-FC), 3D 

body-centred cubic (denoted as 3D-BC), and 3D cubic-bicontinuous (donated as 3D-

CB) was synthesized from the Nafion-silica composites. The synthesis procedures 

for the Nafion-silica composites are as follows: 

2D-H Nafion-silica. Typically, 2.0 g of P123 and 10.3 mL concentrated HCl 

solution were mixed in 62.5 g distilled water. Nafion ionomers was then added 

dropwise under a stirring condition to obtain a homogeneous solution. TEOS (4.16 

g) was added and stirred for 24 h. Then the mixture was transferred into an autoclave 

reactor and kept at 100 
o
C for 24 h. 

3D-FC Nafion-silica. 2.0 g of F127, 2.0 g of TMB and 5.0 g of KCl were 

dissolved in a HCl solution (2.0 M, 120 mL) under stirring for 24 h. Nafion 

ionomers was then added dropwise under a stirring condition to obtain a 

homogeneous solution. TEOS (8.3 g) was added and stirred for 24 h. The mixture 

was transferred into an autoclave reactor and kept at 40 
o
C for 72 h. 

3D-BC Nafion-silica. 1.07 g of F127 and 2.12 g concentrated HCl were mixed in 

51.44 g distilled water. The solution was heated to 45 
o
C before adding 3.21 g n-

butanol. Nafion ionomers was then added dropwise under stirring condition to obtain 

a homogeneous solution. TEOS (5.09 g) was added and stirred for 24 h. The mixture 

was transferred into an autoclave reactor and kept at 100 
o
C for 24h. 
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3D-CB Nafion-silica. 2.0 g of P123 and 3.7 g of concentrated HCl solution were 

mixed to distilled water. The solution was heated to 35 
o
C before adding 2.0 g of n-

butanol. Nafion ionomers was then added dropwise under stirring condition to obtain 

a homogeneous solution. TEOS (5.2 g) was added and stirred for 24 h. The mixture 

was transferred into an autoclave reactor and kept at 100 
o
C for 24h. 

Without specification, the Nafion content in the Nafion-silica composites was 10 

wt.%. Structure directing agents, namely triblock copolymers in the as-synthesized 

Nafion-silica composites as described above, were removed by refluxing in ethanol 

for 48 h at 70 
o
C. Then the Nafion-silica composites were then mixed with HF 

solutions under stirring for 48 h to remove the silica template. Then Nafion ionomer 

was isolated and collected by centrifugation treatment at 4000 rpm for 5 min. 

Mesoporous Nafion membranes were obtained by recasting the mesoporous Nafion 

ionomers and heat-treated at 60 
o
C for 8 h, 80 

o
C for 8 h and 100 

o
C for 2 h. 

3.2.3 Characterization 

Small-Angle X-ray Diffraction (SAXRD) profiles were recorded on a Rigaku 

D/MAX-RB diffractometer with a CuKα radiation (λ = 1.5419 Ǻ) operating at 40 

kV, 50 mA. A linear position-sensitive Dectris-Pilatus detector was used, and the 

photo energy was 12 keV. Before the test, Nafion-silica composites were grinded 

finely into powder and the Nafion suspensions were transferred into transparent 

tubes.      

Transmission electron microscopy (TEM) was used to characterize the 

morphology of Nafion by depositing of the Nafion suspension on a lacey carbon grid 

via electron microscopy (JEOL JEM-2100F) at an accelerating voltage of 200 kV.  

A Q500 (TA instrument) thermogravimetric analyser was employed to investigate 

the thermal and water retention of the pristine and mesoporous Nafion membrane 

samples. The as-prepared membranes were immersed in water at room temperature 

for 24 h before the test. Then TGA measurement was conducted from room 

temperature to 800 
o
C at 10 

o
C min

-1
 under air flow of 50 mL min

-1
.  

Nitrogen adsorption isotherms, Brunauer-Emmett-Teller (BET) specific surface 

areas (SBET) and the porosity of the samples were measured at -196 
o
C using 

Micromeritics ASAP 2020 gas adsorption apparatus. Before adsorption measurement 

the membranes were cut into small pieces and degassed at 100 
o
C for 9 h.  
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The in situ time-resolved synchrotron SAXS measurements were performed with 

a camera length of 650 mm on the Australian synchrotron SAXS beamline with a 3 

GeV electron storage ring, Melbourne, Australia. The q range was 0.015 – 0.95 Å
-1

. 

Mesoporous Nafion-silica composite powders were confined in the holes of a flat 

plate sample holder which were covered with Kapton tape. The sample plates were 

then placed on the beamline. In the present study, a precursor solution with 

appropriate compositions of P123, Nafion ionomers and TEOS in HCl solution for 

2D-H Nafion-silica composite was selected in the in situ time-resolved synchrotron 

SAXS study. The solution was confined in a transparent homemade apparatus and 

then it was placed on the sample holder on the beamline. The synchrotron SAXS of 

solutions was carried out at room temperature without stirring due to the restriction 

of the sample holder. 

3.2.4 Cell preparation and electrochemical characterization 

Pt/C catalysts (50 % Pt/C, E-TEK, USA) were used for the anode and cathode. Pt/C 

catalyst layers were transferred onto the mesoporous Nafion membrane at 125 
o
C 

and 10 MPa by the decal method to form the catalyst-coated-membrane (CCM). 

Then the CCM was sandwiched between two gas diffusion layers based on Toray
®

 

TGP-H-060 carbon paper to form the membrane-electrode-assembly. The loading for 

Pt and mesoporous Nafion ionomers in both the anode and the cathode was 0.2 mg 

cm
-2

 and 0.4 mg cm
-2

, respectively. The MEA was then placed in a single-cell 

hardware (active area 6.25 cm
-2

) for the cell performance measurement using a 

Greenlight G20 fuel cell test station. H2 and O2 flow rates were 50 mL min
-1

. The 

stability of mesoporous Nafion membranes was studied on cells with 2D-H Nafion 

and Nafion 112 membranes at 60 
o
C and different RH under a discharge current 

density of 100 mA cm
-2

. The proton conductivity of mesoporous Nafion membranes 

was measured using electrochemical impedance spectroscopy (EIS) technique at 

frequencies ranging from 100 KHz to 1 Hz. 

Hydrogen crossover across of the membranes was evaluated at ambient condition 

by an electrochemical method. Pure hydrogen and nitrogen (99.9999%) were fed 

without humidification to the anode and the cathode, respectively, at 300 mL min
-1

. 

The potential of the cathode (in nitrogen) was swept at 2 mV s
−1

 in a potential range 

of 0 mV to 700 mV against the anode (H2/H
+
) using a voltammetry station (Autolab, 
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PGSTAT30). Hydrogen crossover was evaluated in diffusion-limited hydrogen 

oxidation current density obtained in the range of 300 – 350 mV. 

3.3 Results and discussion 

3.3.1 Formation and characterizations of ordered mesoporous Nafion membranes 

 

  

 

Figure 3.1 SAXS spectra of (A) mesoporous Nafion-silica composites with 2D-H, 3D-FC, 3D-

CB and 3D-BC mesoporous structures after removal of the structure directing agents, and (B) 

corresponding mesoporous Nafion membranes after removal of silica. The SAXS pattern of 

pristine Nafion 112 membrane is shown in B. 

 

 
 

(B) 

(A) 
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The strategy to design highly ordered mesoporous Nafion membranes is based on the 

co-assembly of Nafion, silica and SDAs to form the onion-like Nafion-silica-SDAs 

composites.[14] After removal of the SDAs, the Nafion-silica composites show 

characteristic SAXS diffraction peaks of well-ordered 2D hexagonal (structural 

symmetry P6mm) [19], 3D face-centred cubic (structural symmetry Fm 3  m) [20], 

3D body-centred cubic (structural symmetry Im 3  m) [21] and 3D cubic 

bicontinuous (structural symmetry Ia 3  d) [22] mesoporous silica (as shown in 

Figure 3.1A). Moreover, the as-synthesized Nafion membranes after the removal of 

the mesoporous silica templates show sharp and typical SAXS peaks in the region of 

q < 0.2 Å
-1 

(Figure 3.1B), characteristics of the corresponding Nafion-silica 

mesoporous structure symmetries but with an increased intensity. In contrast, the 

pristine Nafion 112 membrane, as the control group, is generally featureless under 

the present study conditions, indicating that Nafion structure has no long-range and 

ordered mesopores shown by the SAXS and TEM characterization.[23, 24] 

 

 

Figure 3.2 TEM morphologies of mesoporous Nafion with (A) 2D hexagonal (2D-H, P6mm) in 

the [110] direction, (B) 3D body-centred (3D-BC, Im 3  m) in the [111] direction, (C) 3D face-

centred (3D-FC, Fm 3  m) in the [100] direction, (D) 3D cubic-bicontinuous (3D-CB, Ia 3  d) 

mesoporous structure in the [311] direction and (E) the pristine Nafion membrane.[F] TGA 

profiles of mesoporous Nafion membranes with different space symmetries and the pristine 

Nafion membrane as the control group is shown in (F). 
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The very different SAXS patterns between the mesoporous Nafion and the 

pristine Nafion are also confirmed by the TEM images as well as TGA profiles in 

Figure 3.2. The lattice parameter, a, of mesoporous Nafion and mesoporous Nafion-

silica composites was calculated from SAXS profiles and the data are shown in Table 

3.1. The results indicate that highly ordered mesoporous structures with long-range 

periodicity remain stable and intact in mesoporous Nafion membranes after the 

removal of SDA and silica colloids. However, without the assistance of silica 

colloids, the degree of order of the mesoporous structure is much lower, as shown in 

previous studies.[10, 11] Silica colloids, therefore, plays an important role for the 

formation of highly ordered mesoporous structured phase in Nafion-SDA-silica 

precursor solutions with controlled structure symmetries.  

 
Table 3.1 Peak position q, d spacing and lattice parameter a for the mesoporous Nafion-silica 

and mesoporous Nafion membranes. 

Space 

symmetries 

Mesoporous Nafion-silica Mesoporous Nafion 

q / Å
-1

 d / nm a / nm q / Å
-1

 d / nm a / nm 

2D-H 0.065 9.7 11.2 0.068 9.2 10.6 

3D-FC 0.064 9.8 13.9 0.051 12.3 17.4 

3D-CB 0.071 8.8 21.6 0.058 10.8 26.7 

3D-BC 0.053 11.8 20.6 0.051 12.3 21.3 
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Figure 3.3 Nitrogen sorption isotherms and pore size distributions of mesoporous Nafion 

membranes with different structure symmetries. 
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Table 3.2 BET surface area SBET, pore diameter dpore, wall thickness dwall and hydrogen crossover 

current density j, the proton conductivity σ of diverse mesoporous Nafion and pristine Nafion. 

Type of Nafion 

SBET 

/ m
2
 g

-1
 

dpore / 

nm 

dwall 

/ nm 

j 

/ mA 

cm
-2

 

σ / × 10
-2

 Scm
-1 

(60 
o
C) 

0 %RH 40 % RH 100 %RH 

2D-H Nafion 609 5.3 2.7 1.15 3.8 6.2 8.0 

3D-FC Nafion 447 3.8 8.5 0.85 2.4 5.0 7.0 

3D-CB Nafion 781 3.8 7.0 1.54 1.9 3.3 7.2 

3D-BC Nafion 554 4.7 10.3 0.88 2.7 4.4 6.9 

Pristine Nafion — — — 0.69 1.5 0.42* 7.2 

* Measured on Nafion 115 at 30 
o
C.[25] 

 

The pore size and specific surface area of the mesoporous Nafion membranes 

were also measured using N2 adsorption isotherm and the results are shown in Figure 

3.3. Mesoporous Nafion membranes with different symmetries have typical type-IV 

curves and capillary condensation steps. The 2D-H Nafion shows capillary 

condensation at relative pressures of 0.55 ‒ 0.8, while typical type-IV curves with a 

clear condensation step at P/P0 = 0.4 ‒ 0.7 were observed in 3D-FC, 3D-CB and 3D-

BC Nafion membranes. The mesoporous Nafion samples generally give the H1-type 

hysteresis loop, suggesting the uniform pore sizes distribution and an ordered pore 

shape of the mesoporous Nafion.[26] The mesoporous Nafion shows a rather narrow 

pore size distributions and the average pore diameter, dpore, is 5.3 nm, 3.8 nm, 3.8 nm 

and 4.7 nm for 2D-H, 3D-FC, 3D-CB and 3D-BC Nafion, respectively. Based on the 

dpore and lattice parameter, a (see Table 3.1), the pore wall thickness, dwall, can be 

calculated. For 2D-H, dwall = a − dpore;[27] for 3D-FC, dwall =  
√2

2
a − dpore;[28] for 3D-

CB, dwall =  
𝑎

3.0919
−

1

2
dpore, where 3.0919 is a constant representing the minimal 

surface area for the Ia 3  d space group; for 3D-BC, dwall= 
√3

2
a  − dpore.[28] The 

obtained BET surface area, pore diameter and wall thickness of the mesoporous 

Nafion were calculated and are listed in Table 3.2. Mesoporous Nafion with structure 

symmetry 3D-CB, exhibits the highest BET surface area of 781 m
2
 g

-1
. 3D-FC 

Nafion shows lowest specific surface area of 447 m
2
 g

-1
, which may be due to the 

low order of mesoporous structure as shown by SAXS (Figure 3.1). 
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Figure 3.4 (A) Time-resolved synchrotron SAXS diffractograms and (B) 100 s and 3000s SAXS 

curves of the silica colloid-mediated synthesis of 2D hexagonal mesoporous Nafion-silica 

composite (10 wt.% Nafion) in P123 + HCl + Nafion ionomers + TEOS solution without stirring. 

 

The formation mechanism and interaction among Nafion molecules, SDAs and 

silica colloids were further studied by in situ time-resolved synchrotron SAXS, using 

2D-H structured Nafion as an example. In the initial stage of the self-assembly 

process, the SAXS signal is typical of a micellar solution with broad oscillation as a 

function of the scattering vector q as shown in Figure 3.4A. A broad peak centred 

around 0.06 Å
-1

 occurs at t = 600 s, which is most likely resulted from scattering of 

associated unordered globular micelles of Nafion-silica nanoparticles.[29] The peak 

becomes more pronounced with the reaction time because of the stabilizing functions 

of Nafion ionomers, that is, further agglomeration and grain growth of silica 

nanoparticles will be inhibited.[30] As the hydrolysis of TEOS only takes a few 

minutes to complete in the P123 micellar solution,[15] shape evolution and 

formation of 2D-hexagonal phase would occur between P123 and Nafion-silica 

(A) 

(B) 
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pairs. Then, the structure transforms from the unordered micelles directly to the 

ordered hexagonal structured phase in solution, and such transformation occurs at ~ 

600 s. As shown in Figure 3.4A, the intensity of the Bragg peaks of (100) reflection 

(0.04 Å
-1

) increases with time, while the intensity of the micellar peak (0.06 Å
-1

) 

decreases. The continuous increase in the intensity of the (100) reflection reflects an 

increase in the amount of ordered phase. This indicates the transformation process 

from the spherical micelles to the ordered and rod-shaped 2D-hexagonal structured 

phase. Moreover, the comparison of the diffractograms of the Nafion-silica 

composite taken at 100 s and 3000 s shows the evolution of the Bragg peaks of the 

hexagonal structure in solution (Figure 3.4B). The silica nanoparticle colloid that 

attached both at Nafion ionomers and P123 expands the Nafion ordered arrays, and 

creates an electrostatic-induced reorientation of sulfonic groups towards the ordered 

silica-P123 micelles. Through cooperative hydrogen bonding self-assembly of the 

Nafion-silica pairs and P123, a highly 2D-H ordered mesoporous structures is 

formed. The in situ time-resolved synchrotron SAXS results on the 2D-H Nafion-

silica also imply that Nafion-silica with different mesoporous structure symmetries 

can be achieved by adjusting the reagents ratio and employing structure directing 

agents, SDAs, with different ether blocks.[31] 

 

 

Figure 3.5 Schematic of surfactant-directed and soft template method with the assistance of 

silica colloidal mediator for the formation of mesoporous Nafion (2D-H structured Nafion was 

selected as a representative). The transformation from random micelles to an ordered hexagonal 

structure phase in solution occurs at ~ 600 s. 
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Based on the in situ time-resolved SAXS data, we proposed the process of the 

silica-mediator assisted formation of mesoporous Nafion membrane (see Figure 3.5 

for the typical 2D-H structured Nafion). In the initial stage, the presence of acidic 

HCl solution initiates and promotes the hydrolysis of TEOS, forming protonated and 

positively charged silica particles that play the role as bonding sites between Nafion 

ionomers and the SDAs, i.e., P123 in this case. Driven by the electrostatic forces 

between the positively charged silica nanoparticles and the negatively charged SO3
- 

functional groups of Nafion ionomers, self-assembly of Nafion and silica particles 

occurs instantaneously, forming Nafion-silica pairs. Then, the Nafion-silica pairs will 

anchor to the ether block of the SDAs through hydrogen bonding. The Nafion 

ionomers attached to the silica nanoparticles will stabilize the silica nanoparticles, 

inhibiting the agglomeration and grain growth of silica nanoparticles and forming the 

ordered and mesoporous structured phase. Based on the in situ time-resolved 

synchrotron SAXS (Figure 3.4A), the transformation from random micelles to 

ordered mesoporous phase occurs at ~ 600 s. The highly ordered and mesoporous 

Nafion ionomers are obtained after removal of both SDAs and silica mediators. The 

resulting mesoporous orientation would lead to the increasing exposure of sulfonic 

groups to the hydrophilic phase and the formation of highly ordered proton 

transporting channels, promoting fast proton conduction process.[32] 

 

 

Figure 3.6 Synchrotron SAXS profiles of 2D hexagonal Nafion-silica powders with Nafion ratio 

of 10 %, 50 % and 70 %, measured at room temperature. 
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Besides, the formation of ordered mesoporous Nafion-silica composites depends 

on the Nafion to silica ratio. Figure 3.6 shows the synchrotron SAXS profiles of 2D-

H Nafion-silica powders with different contents of Nafion, measured at room 

temperature. The main (100) reflection was red-shifted from 0.053 Å
-1

 to 0.067 Å
-1

 

when the Nafion increased from 10 % to 50 %, that is, the d100 spacing value reduced 

from 11.8 nm to 9.3 nm, respectively. When the Nafion content increased to 70 %, 

the silica became disordered and the mesoporous Nafion-silica structure could not be 

obtained. The increase in the content of Nafion decreases the degree of order since 

the intensive interplay of amphipathic Nafion molecules with the silica-P123 

micelles may interrupt significantly the self-assembly procedure of the ordered 

silica-SDAs framework.[32] Nafion molecules cover the surface of silica colloids, 

forming Nafion-silica pairs because of self-assembly between the positively charged 

silica nanoparticles and the negatively charge Nafion ionomers by the electrostatic 

force. With the increase of the Nafion ionomers, the increasing polymer network 

would interrupt the assembly of silicate species to the PEO groups of the amphiphile 

and impede the phase separation. Excess Nafion ionomers would interact with the 

P123, interrupting the formation of ordered and mesoporous phase in the Nafion-

silica-P123 precursor solution. Thus, in the present study, the amount of Nafion in 

the Nafion-silica composites was controlled to 10 wt.%.  

3.3.2 Fuel cell performance of mesoporous Nafion membranes 

To assess the hydrogen gas permeability of the mesoporous Nafion membranes, the 

hydrogen crossover current density was measured and the results are given in Table 

3.2. Hydrogen crossover currents were in the range of 0.85 mA cm
-2

 to 1.54 mA cm
-2

 

for mesoporous Nafion membranes, which is slightly higher than 0.69 mA cm
-2

 

measured on pristine Nafion 112 membrane. This indicates that the detrimental effect 

of the presence of ordered mesoporous channels on the gas permeability of 

mesoporous Nafion membranes is relatively low, indicating the applicability of the 

mesoporous Nafion membranes synthesized in this study as PEMs for fuel cells.   

High proton conductivity is an important property of PEMs for fuel cells. Proton 

conductivities of mesoporous Nafion membrane samples were measured in situ 

during fuel cell operation by electrochemical impedance spectroscopy at 60 
o
C under 

different RH and the results are summarized in Table 3.2. The proton conductivity of  



Chapter 3 Page 49 
 

 

Figure 3.7 Polarization and power output of cells, measured at 60 
o
C, H2/O2 with (a) 2D-H 

Nafion membrane, (b) 3D-CB Nafion membrane, (c) 3D-FC Nafion membrane, (d) 3D-BC 

Nafion membrane, (e) Nafion 112 membrane. Peak power density of mesoporous Nafion 

membranes against various relative humidity at 60 
o
C is given in (f). 

 

mesoporous Nafion membranes shows a very low sensitivity to the change in RH. 

For example, the proton conductivity for Nafion membrane with 2D-H structure was 

8.0 × 10
-2

 Scm
-1

 at 100 % RH, similar to 7.2 × 10
-2

 S cm
-1

 measured on Nafion 112 

membrane, but slightly lower than 1.0 × 10
-1

 S cm
-1

 reported on Nafion 115 

membranes under 100 % RH at 30 
o
C.[25] When the RH was reduced to 40 %, the 

proton conductivity of 2D-H Nafion membrane was 6.2 × 10
-2

 Scm
-1

, a reduction of 

22.5 %. In contrast the proton conductivity of conventional Nafion 115 was 4.2 × 10
-

3
 S cm

-1
 at 40 % RH, a reduction of 95.8 % as compared to the value measured at 

100 % RH.[25] Most important, under 0 % RH, the proton conductivity of 

mesoporous Nafion was in the range of 1.9 × 10
-2

 to 3.8 × 10
-2

 Scm
-1

. Consequently, 

the most significant benefit of the mesoporous Nafion with different structural 
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symmetries is the substantially enhanced proton conductivity at reduced RH. 

Figure 3.7 is the polarization and power output performance of cells with 

mesoporous Nafion and Nafion 112 membranes, measured at 60 
o
C under various 

RH conditions. The open circuit voltage of all five Nafion membranes was in the 

range of 0.95 - 0.98 V. The polarization performance of cells with mesoporous 

Nafion membranes is considerably higher than that of the cells with the pristine 

Nafion membrane, particularly under reduced RH. For example, under 60 % RH, the 

power density of the cells with 2D-H, 3D-CB, 3D-BC, and 3D-FC Nafion 

membranes was 362 mW cm
-2

, 224 mW cm
-2

, 185 mW cm
-2

, and 203 mW cm
-2

, 

respectively, higher than 115 mW cm
-2

 obtained on Nafion 112. The cell with 2D-H 

Nafion membrane produced the highest power output.  

The peak power density of cells with 2D-H, 3D-BC, 3D-CB and 3D-FC 

mesoporous Nafion membranes shows a very different dependence on RH, as 

compared to the cell with pristine Nafion 112 (Figure 3.7f). The peak power density 

of Nafion 112 reduced linearly with the decrease in RH. At 100 % RH, the power 

density of the Nafion membrane cell was 228 mW cm
-2

 and decreased to 77 mW cm
-

2
 when the RH was reduced to 40%, a 66.2% reduction in power output. The 

significant reduction in power output of Nafion 112 membrane cell is clearly due to 

the fact that the proton conductivity of Nafion membranes decreases significantly 

with decreasing RH.[33-35]  

In the case of the cells with mesoporous Nafion membranes, the dependence of 

the power density on RH follows a S-type curve. The S-type dependence of the 

polarization performance on the RH has also been observed on functionalized 

mesoporous silica cells.[18, 36] The S curves indicate that the power output of the 

mesoporous Nafion membrane cells is less sensitive to the change in RH. That is 

likely due to the fact that ordered mesoporous channels have a much better water 

retention ability as compared to the random nanostructures associated with pristine 

Nafion membranes. The reduced sensitivity of the power performance of the cells to 

RH is an important factor for practical operations as this will allow more stable 

power output under conditions of RH fluctuation. The cell with a 2D-H mesoporous 

Nafion membrane produced the best performance; 414 mW cm
-2

 under 100% RH 

and 310 mW cm
-2

 under 40% RH. Fukuda et al.[37] showed that variation of power 

density with the RH is consistent with the tendency of the amount of H2O adsorbed 

on the Nafion membrane. Thus the low sensitivity or dependence on RH of 
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mesoporous Nafion membrane cells is most likely due to the water capillary 

condensation effect of the mesoporous structure at reduced relative humidity. On the 

other hand, the hydrophilic clusters of Nafion 112 membrane with -SO3H group have 

to adsorb a large amount of water in order to form the continuous proton 

transportation channels, resulting in high dependence on external humidification and 

RH.[38] Consequently, the highest performance of 2D-H mesoporous Nafion based 

fuel cell indicates the effectiveness of the highly ordered hexagonal cylinders 

structure for the water retention.   

 

 

Figure 3.8 (A) Plots of cell voltages measured under different RH levels for 2D-H Nafion and 

Nafion 112 membrane based fuel cells. (B) and (C) are the enlarged portion of the voltage curves 

of the cell under 60 % RH and 0 % RH, respectively. The cells were tested at 60 
o
C in H2/O2 

under a constant discharge current density of 100 mA cm
-2

.  
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The stability of mesoporous Nafion and Nafion 112 membrane based fuel cells 

was evaluated as a function of RH. Figure 3.8 shows the cell voltage, measured at a 

constant discharge current density of 100 mA cm
-2

 and 60 
o
C under different RH. 

The RH decreased from 100 % to 0 % in decrements of 20 % every 20 h. For the 2D-

H Nafion based fuel cell, the initial voltage was ~0.68 V at 100 % RH and 80 % RH 

was more or less stable. When RH descended to 60 %, the cell voltage slightly 

dropped to 0.65 V. The most interest observation is the stable performance observed 

on 2D-H Nafion membrane based fuel cell under 0 % RH. The initial cell voltage 

was 0.56 V and decreased to 0.47 V after 20 h of operation. This demonstrates that 

the highly ordered mesoporous Nafion membrane is able to operate under anhydrous 

conditions, clearly due to the extraordinary water retention ability of the ordered 

mesopores. This is consistent with the high proton conductivities of mesoporous 

Nafion at 0 % RH (1.9 × 10
-2

 – 3.8 × 10
-2

 S cm
-1

 at 60 
o
C, Table 3.2). On the 

contrary, the cell of the conventional Nafion 112 membrane can only operate at high 

RH of 100 and 80 %. When the RH decreased to 60 %, the initial cell voltage was 

0.54 V, and dropped very quickly to zero in 55 min (Figure 3.8). Under anhydrous 

conditions (e.g., 0 % RH), the cell ceased to operate within 20 min (Figure 3.8 C). 

The rapid failure of cells based on conventional Nafion membrane under reduced RH 

clearly indicates the poor water retention properties of conventional Nafion 

membranes with random nanostructures. The stable cell performance of cells with a 

mesoporous Nafion membrane under low RH and anhydrous conditions confirms 

again the extraordinarily high water retention capacity of ordered mesoporous 

structured Nafion membranes, most likely due to the effective capillary condensation 

effect in ordered mesopores, as discussed above.  

3.4 Conclusions 

The formation of ordered and mesoporous structured phase in solution in Nafion-

silica-SDA precursor solutions was studied for the first time using in situ time-

resolved synchrotron SAXS technique. The results clearly demonstrate the formation 

of highly ordered and mesoporous Nafion-silica-SDA (P123 was used as the SDA in 

this study) structures in the presence of a silica colloidal mediator. Such formation of 

an ordered mesoporous phase in the solution is critical for the formation of a highly 

ordered mesoporous Nafion membrane with controlled structure symmetry from 2D 
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hexagonal, 3D face-centred, 3D cubic-bicontinuous to 3D body-centred.  

The present study reported an effective synthesis strategy to introduce and 

control the mesoporous structure symmetry of PFSA-based membranes such as 

Nafion. The ability to introduce and control the mesoporous structure symmetries is 

important in the development of highly effective and functional PEMs for fuel cells. 

The results demonstrate that highly ordered mesoporous Nafion membranes have 

superior proton conductivity and enhanced electrochemical performance as 

compared to the pristine Nafion. Most importantly, the present study also 

demonstrated that mesoporous structured Nafion membranes based fuel cells can be 

operated under 0 % RH, i.e., anhydrous conditions, an unique advantage over 

conventional Nafion membranes. Among the ordered mesoporous structures, 2D 

hexagonal exhibit the highest proton conductivity and the highest cell performance 

due to meso-morphology and the long-range periodicity which is facile for the proton 

transport and mass transfer.  
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Chapter 4 Amino-functionalized mesoporous silica based 

polyethersulfone-polyvinylpyrrolidone composite membrane for 

elevated temperature fuel cells 

4.1 Introduction 

The proton exchange membrane fuel cell shows superiorities of fast start-up and 

shut-down cycle in comparison with other fuel cells. It is, therefore, considered to be 

the most promising power generation technology for applications ranging from 

portable electronic devices, transportation vehicles to power stations. On the other 

hand, the low operation temperature (<80 
o
C) results in complex water managements 

[1] and CO poisoning to Pt catalysts from fuel gases [2]. However, the problems are 

diminished at elevated high temperatures (100 – 200 
o
C) for PEMFCs with improved 

catalyst kinetics, high fuel impurity tolerance as well as simplified water 

management systems.[3] Different from hydrated H
+
 ions as proton conductor for 

PEMFCs operated at low temperatures, phosphoric acid (H3PO4) [4], ionic liquids 

[5] and heterocyclic compounds including imidazole [6] and triazole [7] have been 

investigated as alternative proton conductors in proton exchange membranes at 

elevated temperatures. Those alternative proton conductors allow for the reduced 

dependence on humidity and show the high proton conductivity at elevated 

temperatures. Among them, PA is probably one of the most promising proton 

conductors in that connection and has been extensively used in basic polymer-based 

PEMs such as polybenzimidazole [8-10] and pyridine containing aromatic polyethers 

[11]. PA-doped PBI membrane is the state-of-the-art PEMs operated at elevated 

temperatures, showing the high proton conductivity at low relative humidity as well 

as good thermal and oxidative stability.[12] However, the high proton conductivity 

of PA/PBI composite membrane strongly depends on high PA doping levels at 

temperatures above 160 
o
C, resulting in deterioration in the mechanical and thermal 

stability [13, 14]. Nevertheless, the fabrication of PBI is complex, impeding the wild 

application of the materials in fuel cells. 

Recently, other basic polymer membranes were also employed as alternative high 

temperature proton transfer media, such as polyvinylpyrrolidone (PVP), and poly(4-

vinylpyridine). Lu et al. synthesized the PA-doped polymer composite membrane by 

blending PVP with polyvinylidene fluoride (PVDF) [15] or poly(ether sulfone) 



Chapter 4 Page 57 
 

(PES) [16]. These membranes showed the excellent thermal stability and high proton 

conductivity at temperatures up to 180 
o
C.[16] Generally, for basic polymer based 

composite membranes, one phase supports the mechanical stability for the composite 

membrane, such as PVDF and PES, while the second phase plays the role as proton 

transportation network with liquid-like dynamics in nanoscale channels or pores 

formed in miscible blends, such as PVP.[13] Although the high amount of PVP 

content up to 80 wt.% guarantees the high proton conductivity comparable with the 

PA/PBI composite membrane at anhydrous conditions, it deteriorates the mechanical 

strength of the composite membrane with a tensile strength as low as 1.3 MPa [16].  

The proton conductivity and mechanical strength of composite membranes can 

be improved by incorporating functionalized nano- or mesoporous silica materials 

such as phosphorylated hollow mesoporous silica (HMS) submicrospheres [17], 

PBI-functionalized silica nanoparticles [18], ionic liquid-functionalized mesoporous 

silica [19], phosphotungstic acid functionalized mesoporous silica [20], and proton 

conducting groups functionalized mesoporous silica [21]. Among them, 

functionalized HMS shows the high water uptake due to a large amount of lumen 

and facilitated proton transportation in the functionalized mesoporous silica 

channels. Jiang et al. found that the proton conductivity of recast Nafion membrane 

at low relativity humidity was improved 10 times after the addition of functionalized 

HMS with sulfonic acid, phosphoric acid and carboxylic acid groups.[22] Moreover, 

the phosphorylated HMS embedded chitosan membrane showed the high proton 

conductivity both at 100 % and 40 % RH in comparison with the pristine chitosan 

membrane.[17] In addition, an enhanced interfacial interaction and control over the 

interface can be achieved by grafting amino-groups on silica surface.[23] The amine-

tailored silica material improves the interfacial compatibility between the PBI 

membrane and silica particles by the hydrogen bonding interaction between 

polybenzimidazole and amino-functionalized silica materials.[24] It has been 

reported that self-assembled amino-functionalized silica particle clusters enhanced 

the mechanical and thermal stability of PBI matrix, and the PA uptake as well as 

proton conductivity [25]. 

Herein, hollow mesoporous silica (HMS), amino-functionalized hollow 

mesoporous silica (NH2-HMS) and mesoporous silica spheres (NH2-meso-silica) 

were incorporated into the PES-PVP matrix to form nanostructured inorganic-

organic composite membranes. The interfacial interaction of silica inorganic fillers 
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and polymer matrix were investigated in details. And the effects of morphology and 

functional groups of silica fillers on the proton conductivity of the composite 

membranes and the performance of the PES-PVP membrane fuel cells had been 

investigated. The results indicate that NH2-HMS is the most promising filler for the 

PES-PVP based composite PEMs in the elevated temperature proton exchange 

membrane fuel cells. 

4.2 Experimental  

4.2.1 Mesoporous silica fabrication 

Mesoporous silica (meso-silica) was prepared by mixing 2.5g CTAB and 15.2 g 

ammonium hydroxide solution (NH3H2O, 28 wt.%) in 50 g Milli-Q water and 60 g 

ethanol, followed by an addition of 5 mL TEOS and vigorous stirred at room 

temperature for 2 h. The suspension was then centrifuged at 8000 rpm for 10 min, 

and the solid was washed twice by water and ethanol. The as-synthesized 

mesoporous silica powders were dried at 90 
o
C overnight, and then calcined in air at 

550 
o
C for 6 h to remove the surfactant. 

To synthesize HMS, the silica sphere template was obtained by a modified Stӧber 

method.[26] Typically, 12 mL TEOS was added into a solution with 150 mL ethanol, 

20 mL Milli-Q water and 6.3 mL NH3H2O (28 wt.%) and stirred at room 

temperature for 1h. After the centrifuge treatment, the solid silica spheres were 

washed by water and ethanol twice. Then the silica spheres were ultrasonicated at 

500 mL water and 150 mL ethanol for 0.5 h. And the suspension was transferred into 

the CTAB solution with 3.0 g CTAB, 40 mL Milli-Q water, 20 mL ethanol, and 7.0 

mL NH3H2O (28 wt.%). TEOS (4.5 mL) was added dropwise and stirred at room 

temperature overnight. Then the suspension was centrifuged at 8000 rpm for 5 min 

and the solid was redispersed at 500 mL water. After the addition of 10.5 g sodium 

carbonate (Na2CO3), the solution was etched at 60 
o
C for 12 h. Finally, the 

mesoporous silica powder was dried at 90 
o
C overnight, and the templates in the 

silica particles were removed by calcination in air at 550 
o
C for 6 h.  

All the above chemicals were purchased from Sigma-Aldrich, Australia. 
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4.2.2 Amino-functionalization of mesoporous silica 

Amino-functionalization meso-silica or HMS were prepared by dispersing 2.0 g 

mesoporous silica powder in 75 mL toluene. The suspension was refluxed at 110 
o
C 

in an oil bath for 20 h after the addition of 3.0 mL (3-aminopropyl)triethoxysilane 

(APTES) in 5 mL toluene under N2 protection. The solid materials were finally 

washed by toluene for twice, and it was dried for future use. The amino-

functionalized meso-silica and HMS were denoted as NH2-meso-silica and NH2-

HMS, respectively. 

4.2.3 PES-PVP composite membranes 

Certain amount of mesoporous silica or amino-functionalized mesoporous silica 

materials were added into PES (Radel
®

 A300, Solvay, Belgium) and PVP (PVP360, 

Mw = 360 000, Sigma-Aldrich, Australia) solution in N-methyl-2-pyrrolidone (NMP, 

Sigma-Aldrich, Australia) to form a slurry. The weight ratio for PVP to PES is 7:3, 

while the weight ratio of silica powders in the PES-PVP composite membranse is 

fixed at 2.0 wt.%. The slurry was poured into a petri dish and dried in the oven at 80 

o
C for 48 h. Membranes were peeled off from the petri dish and immersed in a 85 

wt.% H3PO4 solution (Lab Service, Australia) for one week for PA doping. 

The PES-PVP membranes with HMS, NH2-HMS and NH2-meso-silica were 

denoted as PES-PVP-H, PES-PVP-NH, and PES-PVP-NS, respectively, while the 

PA-doped PES-PVP composite membranes were denoted as PA/PES-PVP-H, 

PA/PES-PVP-NH, and PA/PES-PVP-NS. 

4.2.4 Characterizations 

Characterizations including synchrotron small-angle X-ray scattering, nitrogen 

adsorption isotherms, and thermogravimetric analysis are the same way as described 

in Section 3.2.3. Transmission electron microscopy (TEM) characterization is the 

same way as described in Section 3.2.3, except for the accelerating voltage of 120 

kV.  

Attenuated total reflectance Fourier Transform Infrared spectroscopy (ATR-

FTIR) (zinc selenide top plate, Perkin-Elmer spectrum 100) was employed to record 

the grafting of the amino-functionalization of mesoporous silica materials, and the 
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interaction between the mesoporous silica materials and the PES-PVP matrix. 

All nuclear magnetic resonance (NMR) spectra were measured at Bruker Avance 

III 500 MHz widebore NMR spectrometer equipped with a 4mm MAS probe. 
13

C 

CP-MAS NMR spectra were recorded at 10 kHz MAS, while 
29

Si MAS NMR 

spectra were measured using single pulse excitation sequence, with a small flip angle 

of 5 o and recycle delay of 40s, under 10 kHz MAS. 

Scanning electron microscopy (SEM, Zeiss Neon 40 EsB) with accelerating 

voltage of 5 kV was employed to measure the cross-sectional morphology of the 

composite membranes.  

Pt/C catalysts (50 % Pt/C, Alfa Aesar, USA) were used for the anode and 

cathode. Pt/C catalyst layers on Toray
®

 TGP-H-060 carbon paper were hot pressed 

with PES-PVP composite membranes at 180 
o
C and 10 MPa to form the MEA. The 

loading for Pt and PVP ionomers (PVP40, Mw = 40 000, Sigma-Aldrich, Australia) 

in both anode and cathode was 0.35 and 0.18 mg cm
-2

, respectively. Then the MEA 

was placed in a single-cell hardware (active area 4.0 cm
-2

) for the cell performance 

measurement using a Greenlight G20 fuel cell test station. H2 and O2 (dry gas) flow 

rates were 50 and 100 mL min
-1

, respectively. The proton conductivity of PES-PVP 

based composite membranes was measured using electrochemical impedance 

spectroscopy technique at frequencies ranging from 100 KHz to 10 Hz. 

4.3 Results and discussion 

4.3.1 Formation of amino-functionalized mesoporous silica materials 

Figure 4.1 shows the TEM micrographs of HMS, NH2-HMS and NH2-meso-silica. 

For the fabrication of HMS, solid silica spheres with an average size of 260 nm 

derived from the Stӧber method [26] were covered by mesoporous silica shells with 

the surfactant of CTAB in the mesopores. When the core-shell particles were 

exposed to the Na2CO3 solution, the solid SiO2 core was selectively etched out while 

the shell remained intact with oriented mesoporous structure with thickness of 60 

nm, forming hollow mesoporous silica (Figure 4.1A). That is due to the fact that the 

silicate-CTAB mesoporous shell is more stable than the inner solid SiO2 core at the 

alkaline condition.[26] The pore channels in HMS were aligned perpendicularly to 

the surface of the spheres, as shown in Figure 4.1B. After the post-grafting of amino-

groups, the morphology of HMS was still intact  with mesoporous shell  and  hollow  
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Figure 4.1 TEM images of (A, B) HMS, (C, D) NH2-HMS and (E, F) NH2-meso-silica. 

 

structure (Figure 4.1C and D). Worm-like mesoporous channels directed from the 

centre to the edge of the spheres were observed for NH2-meso-silica, as shown in 

Figure 4.1E and F. The average particle size was 350 nm. 

Figure 4.2 shows N2 adsorption/desorption isotherms of mesoporous silica and 

amino-functionalized mesoporous silica materials. The adsorption isotherms show 

type IV adsorption curves with H2 type hysteresis, characteristic of mesoporous 

materials (Figure 4.2A) [27]. The BET surface area of HMS was 1275 m
2
g

-1
. After 

the amino-functionalization, the surface area of NH2-HMS was reduced to 1069 m
2
g

-

1
, which is higher than 592 m

2
g

-1
 for NH2-meso-silica. This may be due to the large 

lumen of NH2-HMS.[28] Moreover, the pore size of HMS decreased from 2.9 to 2.6 

nm (Figure 4.2B), while the pore volume dropped from 1.03 cm
3
g

-1
 for HMS to 0.72 

cm
3
g

-1
 after the amino-functionalization. The reduced pore size and pore volume 

indicate the successful grafting of –NH2 group on the surface of the mesoporous 

channels of HMS [29]. Based on the TGA analysis, the content of amino-groups in  
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Figure 4.2 (A) N2 adsorption isotherms, (B) pore size distributions and (C) SAXS profiles of 

mesoporous silica and amino-functionalized mesoporous silica materials.  
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Table 4.1 Physical properties of mesoporous silica and amino-functionalized mesoporous silica 

materials. 

samples -NH2 content 

( wt.%) 

BET surface area 

(m
2
 g

-1
) 

Pore size 

 (nm) 

Pore volume 

(cm
3
g

-1
) 

HMS ‒ 1275 2.9 1.03 

NH2-HMS 9.8 (1.69 mmol) 1069 2.6 0.72 

NH2-meso-silica 9.2 (1.58 mmol) 592 2.2 0.32 

 

 

 

Figure 4.3 (A) 
13

C CP/MAS and (B) 
29

Si MAS NMR of NH2-HMS and (C) ATR-FTIR spectra 

of mesoporous silica and amino-functionalized mesoporous silica. 

 

NH2-HMS and NH2-meso-silica was 9.8 and 9.2 %, respectively, corresponding to 

1.69 and 1.58 mmol. Physical properties of HMS, NH2-HMS and NH2-meso-silica 

were listed in Table 4.1. 

The mesoporous structure of amino-functionalized mesoporous silica was 

confirmed by synchrotron small angle X-ray scattering, as shown in Figure 4.2C. A 

broad peak was observed in the SAXS curve of HMS, indicating the oriented pore 

structure of the mesoporous silica materials. That is consistent with the observation 

of ordered mesoporous shell structure in the TEM image in Figure 4.1 [30]. After 
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grafting of –NH2 groups, the scattering peak increased to a high q value, indicating 

the decrease of the pore size. On the other hand, NH2-meso-silica shows a sharp peak 

in comparison with HMS and NH2-HMS, suggesting higher level of orientation of 

the mesoporous channels [31]. 

The successful incorporating of amine group on HMS has been confirmed by 

solid-state 
13

C CP/MAS NMR as shown in Figure 4.3A. The relevant carbon signals 

at 10, 22, 42 ppm correspond to the carbon atoms at –SiCH2CH2CH2NH2 [32]. In the 

29
Si MAS NMR spectra of the hybrid particles, the peak signal at -66 ppm 

corresponds to the silicon connected to the amino group (Figure 4.3B), suggesting 

the condensation of APTES in HMS. It is noted that signals of incompletely 

hydrolysed silanes and templates which would appear around 59 and 14 ppm are 

absent in 
13

C CP/MAS NMR, indicating the completely hydrolysed silanes and the 

template removal.[33]  

The amino-functionalization of mesoporous silica was further confirmed by the 

ATR-FTIR characterization (Figure 4.3C). Take HMS as examples, the most 

intensive band, centred at 1052 cm
-1 

is associated with the SiO4 v3(F2) stretching 

vibration. The band at 806 cm
-1

 corresponds to the SiO4 v1(A) stretching vibration. 

The peak at 1628 cm
-1

 is due to the stretching and bending vibrations of water 

molecules adsorbed on the surface of HMS. When HMS was functionalized by 

amino-group, in addition to peaks associated with mesoporous silica, new peaks 

centred at 2934 and 2877 cm
-1

 were detected, corresponding to the stretching 

vibrations of the CH group, while the peaks at 1449 and 1388 cm
-1

 belong to the 

bending vibrations of those groups. Furthermore, the unique peak at 1554 cm
-1

 

belongs to the bending vibration of N-H groups. It should be noticed that the C-N 

stretching vibration in the region of 1030 – 1230 cm
-1

 overlap with the broad peak of 

silanol groups and the Si-O-Si vibration.[34] The results indicate that the –NH2 

group has been successfully anchored onto the surface of mesoporous silica. 

4.3.2 Properties of amino-functionalized mesoporous silica based PES-PVP 

composite membranes 

Figure 4.4 shows micrographs of cross-sections of the pristine PES-PVP membrane 

and silica/PES-PVP composite membranes. The pristine PES-PVP membrane shows 

smooth cross-sectional morphology (Figure 4.4A), indicating dense and 
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homogeneous micro-structure. After the addition of 2.0 wt.% of inorganic silica 

fillers into PES-PVP membrane, individual spheres of HMS (Figure 4.4B), NH2-

meso-silica (Figure 4.4C) and NH2-HMS (Figure 4.4D) were clearly observed in the 

polymer matrix instead of aggregation. That indicates that silica spheres are 

homogeneously dispersed on the polymer matrix with good interfacial contact with 

the matrix, although the addition of inorganic fillers increases the roughness of the 

membrane (inset images). Nevertheless, when excess inorganic mesoporous 

materials are added into the polymer matrix, it would aggregate in the polymer host 

[35, 36], which prevents the proton transportation in the polymer matrix [37]. 

Consequently, the silica filler in the PES-PVP matrix is fixed at a low loading of 2 

wt.%. Occasionally, void structure of HMS was observed (indicated by arrow, Figure 

4.4B).  

The characteristic peak of C=O stretching vibration was observed at 1648 cm
-1

 in 

the ATR-FTIR spectrum of PVP in the PES-PVP membrane (Figure 4.5A) [38]. And 

a strong peak at 1149 cm
-1

 can be assigned to the symmetric stretch peak of O=S=O 

in PES [39]. Moreover, the absorption peaks at 1461 and 1422 cm
-1

 were 

characteristic adsorptions of the pyrrolidinyl groups in PVP, as shown in Table 

4.2.[40] Two characteristic intense bands associated with aromatic CH vibration are 

present at 3096 and 3068 cm
-1

, and aromatic skeletal and asymmetric stretching 

vibrations at 1577  and 1486 cm
-1

 are  characteristic of PES [41].  When silica  fillers  

 

 

Figure 4.4 Cross-sectional SEM images of the PES-PVP composite membranes with (A) pristine 

PES-PVP, (B) PES-PVP-H, (C) PES-PVP-NS and (D) PES-PVP-NH. Insets are cross-section 

images of the composite membranes in large scale. 
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Figure 4.5 ATR-FTIR profiles of (A) PES-PVP composite membranes and (B) PA-doped PES-

PVP composite membranes with different silica materials. 

 

were incorporated into the PES-PVP matrix, they could not be distinguished by the 

ATR-FTIR spectroscopy due to the inherent existence of the amide group in PVP and 

the overlap for the O-Si-O bands. However, as compared with the corresponding 

absorption peak of the pristine PES-PVP membrane, the peak at 1652 cm
-1

 red-

shifted to 1648 cm
-1

 in the PES-PVP-H membrane. On the contrary, the peak was 

fixed in PES-PVP-NH and PES-PVP-NS membranes. Consequently, the red-shift in 

wavenumber for the C=O absorption derives from OH groups and is likely due to the 

donation of O in C=O to OH groups in HMS, an indication of the formation of 
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hydrogen bonding between OH and C=O groups. 

For the PA-doped PES-PVP composite membrane, there was a broad peak in the 

range of 1050 – 900 cm
-1

, which is attributed to the free phosphoric acid molecules 

(Figure 4.5B) [42]. Moreover, the C=O bond in PES-PVP red-shifted from 1652 to 

1624 cm
-1

 after PA doping. The red shift of C=O bond suggest weak interaction with 

OH group of PA molecules via hydrogen bonding. Furthermore, the peak was shift to 

1622 and 1620 cm
-1

 in PA/PES-PVP-HMS and PA/PES-PVP-NH membranes, 

respectively. Generally, -OH and -NH2 groups are protonated under acid condition to 

form –OH2
+
 and -NH3

+
.[43] And the protonated groups tend to form the hydrogen 

bond with C=O in PVP, leading the red shift of the peak of C=O. Table 4.2 lists the 

peak positions of the PES-PVP composite membranes with different silica fillers. 

The thermal stability of the silica/PES-PVP composite membranes is another 

critical criterion for the elevated temperature fuel cells application, as shown in 

Figure 4.6. For the pristine PES-PVP membrane, the weight loss below 100 
o
C is due 

to the evaporation of adsorbed moisture. The second weight loss started from around 

300 
o
C corresponds to the degradation of PVP, while the third weight loss about 500 

o
C results from the degradation of PES [16]. Nevertheless, PES-PVP-H, PES-PVP-

NH and PES-PVP-NS membranes show higher degradation temperature for PVP 

than the pristine PES-PVP membrane, as shown in Figure 4.6. The result indicates 

that the addition of mesoporous silica materials indicates the positive effect of 

inorganic silica materials on the thermal stability of PVP. 

 

Table 4. 2 Peaks of PES-PVP membranes with different fillers. 

Peaks Wavenumber polymer 

S=O symmetric stretch 1149 PES 

CSO2C asymmetric stretch 1319 PES 

C-O asymmetric stretch 1238 PES 

C6H6 ring stretch 1577, 1486 PES 

C-H stretch 3098, 3068 PES 

C-H phenyl 1011 PES 

C-S stretch 719 PES 

O-H stretch 3405 PVP, PES 

C=O stretch 1648 PVP 

C-H asymmetric stretch 2954 PVP 

C-N vibration 1011 PVP 

pyrrolidinyl 1461,1422 PVP 
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Figure 4.6 TGA profiles of the PES-PVP composite membranes with different types of silica 

fillers. Inset is the image of derivation weight as a function of temperatures. 

 

Table 4.3 Volume swelling, acid doping of the blend composite membranes and proton 

conductivity of PA-doped PES-PVP composite membranes under anhydrous condition at 

different temperatures. 

Samples 
Volume 

Swelling,% 

Acid doping, 

wt.% 

Proton conductivity, × 10
-2

 S cm
-1

 

120 
o
C 140 

o
C 160 

o
C 180 

o
C 

PA/PES-PVP 263 303 7.80 9.20 10.6 11.4 

PA/PES-PVP-H 149 252 9.90 12.3 13.7 14.2 

PA/PES-PVP-NH 217 245 11.8 13.7 14.8 15.2 

PA/PES-PVP-NS 253 246 8.90 10.4 12.4 12.8 

 

Table 4.3 summarizes the PA uptake and volume swelling ratios of PES-PVP 

composite membranes. The PA uptake of pristine PES-PVP composite membrane 

was 303 wt.%, and the volume swelling ratio was 263 %. When inorganic materials 

were added into the composite membranes, the PA uptake slightly decreased to 252 

wt.%, 245 wt.% and 246 wt.% for PA/PES-PVP-H, PA/PES-PVP-NH, and PA/PES-

PVP-NS composite membranes, respectively. This may be due to the diluted acid 

adsorption sites after the addition of silica materials in polymer matrix [44]. 

Moreover, PA/PES-PVP-NH and PA/PES-PVP-NS shows higher volume swelling 

ratio than that of PA/PES-PVP-H, but lower than that of the pristine PES-PVP 

composite membrane, indicating the hindrance effect of silica fillers for the volume 

swelling of the PES-PVP membrane. The lower volume swelling of PES-PVP 

composite membranes after the addition of silica fillers is likely due to the weak 

interaction of silica and PVP molecules, as indicated by ATR-FTIR characterization.  
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4.3.3 Proton conductivity and cell performance of PES-PVP composite membranes 
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Figure 4.7 (A) Proton conductivity and (B) activation energy for proton transportation of PA-

doped based PES-PVP composite membranes under anhydrous conditions. 

 

Figure 4.7 shows the proton conductivity of the PA-doped PES-PVP composite 

membranes. The proton conductivity of the pristine PA/PES-PVP membrane was 

7.80 × 10
-2

 S cm
-1

 at 120 
o
C, anhydrous condition. And it increased to 1.14 × 10

-1
 S 

cm
-1

 when the temperature was improved to 180 
o
C. The conductivity value is 

between the reported proton conductivity of PA-doped PES-PVP composite 

membranes with 60 wt.% and 80 wt.% PVP. The addition of inorganic silica fillers to 

the PA/PES-PVP membrane enhances the proton conductivity of the membrane. The 

proton conductivity of the PA/PES-PVP-H composite membrane increased to 1.42 × 

10
-1

 S cm
-1

 at 180 
o
C. And the proton conductivity further increased to 1.52 × 10

-1
 S 
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cm
-1

 for the PA/PES-PVP-NH membrane. The proton conductivity of the PA/PES-

PVP-NH membrane is significantly better than ~2.0 × 10
-2

 S cm
-1

 of the state-of-the-

art PA/PBI membranes measured under the similar condition [44, 45]. The excellent 

conductivity of the PA/PES-PVP-NH membrane can be contributed to the fact that –

NH2 groups in the highly ordered channels of mesoporous silica are favour to form 

effective proton conducting paths to improve the proton conductivity [25]. The 

PA/PES-PVP-NH membrane also shows superior proton conductivity as compared to 

the PA/PES-PVP-NS membrane, although NH2-HMS and NH2-meso-silica have the 

comparable –NH2 content and both of the membranes have similar PA uptake. 

To further investigate the proton conduction mechanism, the activation energy for 

the proton transportation in different PA-doped silica/PES-PVP composite 

membranes was calculated via the Arrhenius equations, as shown in Figure 4.7B. 

The activation energy for the PA/PES-PVP membrane was 13.1 kJ mol
-1

, which is 

slightly higher than that of PA/PES-PVP-H and PA/PES-PVP-NS membranes. For 

the pristine PA/PES-PVP membrane, protons in PA molecules tend to interact with 

oxygen in the C=O group of PVP molecules via hydrogen bond, and then protons are 

hopped to neighbour units[46]. On the other hand, protons in free acid at a high PA 

doping level hop along the mixed anion chains of H2PO4
-
/HPO4

2-
 under the 

anhydrous condition [47]. The high activation energy of PA/PES-PVP membrane 

indicates that the proton transportation in the membranes is primarily via Grotthuss 

mechanism [48]. On the other hand, in the case of PA/PBI membranes, it has been 

revealed that when the activation energy of PA/PBI is in the range of 8 – 10 kJ mol
-1

 

that is close to that of H3PO4 solution with a concentration range of 85 – 93 wt.%, PA 

would perform in the state of quasi-liquid like conductor due to the presence of water 

molecules [49]. Thus, the low activation energy of PA/PES-PVP-NH membrane 

indicates the high water retention capability of NH2-HMS for the PES-PVP 

membrane at elevated temperatures under anhydrous conditions. 

Figure 4.8 shows the cell performance of PA-doped silica/PES-PVP composite 

membranes based fuel cells. The open circuit voltage for all the fuel cells was ~0.9 

V, indicating the low H2 permeation. That is likely attributed to the dense structure of 

the silica/PES-PVP inorganic-organic hybrid composite membranes. The peak power 

density of the PA/PES-PVP membrane fuel cell was 105 mW cm
-2

 at 120 
o
C without 

external humidification (Figure 4.8A). And it increased to 249 mW cm
-2 

when the 

temperature arose to 180 
o
C.  Fuel cells based  on  PES-PVP  composite  membranes  
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Figure 4.8 Single cell performance of PA-doped silica/PES-PVP composite membranes for (A) 

PA/PES-PVP, (B) PA/PES-PVP-H, (C) PA/PES-PVP-NS, and (D) PA/PES-PVP-NH. (E) is the 

comparison of the cell performance at 180 
o
C and (F) is the peak power density as a function of 

temperature. 

 

with inorganic fillers demonstrate higher power output than the pristine PA/PES-PVP 

membrane fuel cell because of the increased proton conductivity, as shown in  Figure 

4.8E. The peak power density of PA/PES-PVP-H membrane fuel cell increased to 

337 mW cm
-2

 at 180 
o
C (Figure 4.8B). Furthermore, the power density significantly 

increased to 480 mW cm
-2

 for PA/PES-PVP-NH (Figure 4.8D), which is 92.7 % 

higher than that of the pristine PA/PES-PVP membrane measured under the identical 

condition. The peak power density of the fuel cells at different temperatures are 

summarized in Figure 4.8F, and the value follows the order of PA/PES-PVP-NH > 

PA/PES-PVP-H> PA/PES-PVP-NS (Figure 4.8C) > PA/PES-PVP. 
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In the PES-PVP composite membrane, PES primarily functions as the support for 

the mechanical property and stability of the composite membrane, while PVP plays 

the role as the proton transportation network in nanoscale domains. Figure 4.9 shows 

schematically the proton conduction mechanism and role of amino-functionalized 

mesoporous silica in PES-PVP composite membranes, taking NH2-HMS as example. 

First, functionalized amino group favours to form the hydrogen-bond network with 

PA in the mesoporous channels and the void in NH2-HMS might serve as an acidic 

reservoir [17]. Second, the superior water retention capability at elevated 

temperatures and anhydrous conditions of NH2-HMS promotes the proton 

transportation and cell performance for the PES-PVP membrane. Third, the short 

distance in the mesoporous shell improves the efficiency for proton diffusion than 

long channels in NH2-meso-silica [5]. Due to the low proton activation energy of the 

PA/PES-PVP-NH, protons are transferred along the functional unit in PVP and 

mixed anion chains of H2PO4
-
/HPO4

2-
 in the polymeric matrix. Furthermore, the 

presence of water in the NH2-HMS structure also provides the quasi-liquid like 

conduction of protons. 

 

 

  

Figure 4.9 The scheme for the formation and proton transportation of mesoporous silica based 

PES-PVP composite membranes.(Take PA/PES-PVP-NH as example.) 
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4.4 Conclusions 

Three types of mesoporous silica materials were incorporated into the matrix of PES-

PVP membrane. In comparison with the pristine PA-doped PES-PVP membrane, the 

inorganic-organic hybrid composite membranes showed lower PA uptake and higher 

proton conductivity, which was up to 1.52 × 10 
-1

 S cm
-1

 at 180 
o
C with the addition 

of NH2-HMS. The high proton conductivity is due to the facilitated proton 

transportation in the ordered mesoporous channels via the hydrogen bonds between 

the –NH2 groups and H3PO4. Furthermore, the PA-doped PES-PVP composite 

membrane with NH2-HMS showed low activation energy (9.8 kJ mol
-1

), indicating 

the presence of water for the assistance of proton transportation. Cell performance 

also confirms the superiority of the addition of inorganic fillers in the PES-PVP 

membrane, and the highest peak power density at 180 
o
C without external 

humidification reached up to 480 mW cm
-2

 for the PA/PES-PVP-NH membrane, 

which is 92.7 % higher than that of PA/PES-PVP tested at the same condition. 

Overall, the inorganic-organic composite membranes based on amino-functionalized 

hollow mesoporous silica materials show promising potential in the application of 

elevated temperature proton exchange membrane fuel cells. 
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Chapter 5 Facile synthesis of amino-functionalized hollow 

mesoporous silica with oriented mesoporous channels  

5.1 Introduction 

Phosphoric acid[1, 2] and phosphotungstic acid[3, 4] impregnated mesoporous silica 

membranes have been developed for high temperature PEMFC applications. 

PEMFCs have shown promising potential to replace fossil fuels in the future because 

of their high theoretical efficiency, simple water management, high tolerance to CO 

and flexible for the non-precious metal catalysts.[5, 6] The intrinsic inorganic 

mesoporous silica (meso-silica) based PEM shows the high performance and low 

dependence on relative humidity at elevated temperatures.[7, 8] Nevertheless, when 

PWA is impregnated into meso-silica (PWA-meso-silica), the hybrid particles tend to 

suffer the proton conductivity loss due to the leach of PWA during the flush of water 

in fuel cell operation.[9] On the other hand, Shiju et al. revealed that PWA could be 

tightly anchored on the surface of mesoporous silica with the assistance of amino-

groups.[10] Furthermore, in comparison with HMS and NH2-meso-silica materials, 

amino-functionalized hollow mesoporous silica showed superior fuel cell 

performance, as discussed in Chapter 4.  

There are two strategies to synthesis NH2-HMS including post-synthesis and co-

condensation.[11] For the post-synthesis protocol, the surface modification is 

required for the as-synthesized HMS to introduce the –NH2 groups. Moreover, the –

NH2 groups tend to anchor on the pore openings due to the hindering diffusion of the 

silane compounds further into the inner pore channels, leading to the inhomogeneous 

distribution of the –NH2 groups throughout the materials.[12] In comparison, via the 

co-condensation method, the –NH2 groups can be anchored on both the exterior and 

the interior surfaces of the mesopores with a homogeneous distribution.[13] Yin et 

al. [14] synthesized NH2-HMS via a one-step method. Besides, Liu et al. [15] 

fabricated the amino-functionalized silica material via step-by-step post-grafting, and 

then transformed it into NH2-HMS by cationic surfactant-assisted selective etching 

strategy [16]. However, those strategies either lead to disordered mesoporous 

channels in the shell, or require further surface modification to introduce –NH2 

groups to the materials. Achieving ordered pore channels in the shell and 

homogenous distribution of –NH2 on HMS simultaneously still remains a critical 
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challenge for the synthesis of NH2-HMS.  

Herein, a simple strategy was proposed for the synthesis of NH2-HMS. The NH2-

meso-silica was first prepared via the co-condensation of ATPES and TEOS with the 

assistant by CTAB. Then it was transformed into NH2-HMS with a hollow core and a 

highly ordered mesoporous shell by a simple alkaline etching process. The role of 

CTAB, amino group content, etching time, and concentration of etching agents were 

investigated in details. And the formation mechanism of NH2-meso-silica and NH2-

HMS were revealed by in situ time-resolved synchrotron SAXS. 

5.2  Experiment section 

5.2.1 NH2-HMS synthesis procedures 

The synthesis of NH2-HMS can be controlled by tuning several parameters. A typical 

recipe for the synthesis of NH2-meso-silica is H2O: ethanol: NH3H2O: CTAB: 

APTES: TEOS = 2756: 518: 3.9: 0.4: 0.1: 1.0 in molar ratio. CTAB was dissolved in 

a mixed solution of 250 mL Milli-Q water and 150 mL ethanol. Then, NH3H2O (28 

wt.%) was added into the solution, followed by the addition of TEOS and ATPES. 

The mixed solution was stirred at room temperature for 6 hours. The transparent 

solution was observed to turn into an opaque suspension. The white solid was 

collected from the suspension by centrifugation at 10 000 rpm for 10 min, named as 

NH2-meso-silica/CTAB. After that, the white solid was dispersed into 50 mL of 

water after being washed twice with water and ethanol. Then the suspension was 

stirred at a Na2CO3 solution at 60 
o
C for 2 hours, followed by filtration. The 

collected solid, named as NH2-HMS/CTAB, were washed by water and ethanol and 

dried overnight at 50 
o
C.  

The CTAB surfactant was extracted from the solid with 100 mL of ethanol and 

3.0 mL of HCl (32 wt.%) at 80 
o
C for 3 hours. After the CTAB extraction, NH2-

meso-silica/CTAB and NH2-HMS/CTAB were marked as NH2-meso-silica and NH2-

HMS, respectively. All the chemicals were purchased from Sigma-Aldrich, Australia 

and used as received without any further purification. 

The molar ratio of the NH2 groups in the NH2-HMS materials can be varied from 

0 % to 30 %, while the amount of silanes was fixed at 14 mmol L
-1

 in the solution. 

The concentration of CTAB was tuned from 4 to 16 mmol L
-1

 to investigate its effect 

on the formation of NH2-HMS material. The concentration of the etching agent, 
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Na2CO3, was varied from 0.1 to 0.4 mol L
-1

. 

5.2.2 Characterizations 

N2 isotherms, the thermal stability and the synchrotron SAXS measurements are the 

same way as described in Section 3.2.3. Characterizations of TEM (JEOL 2100), 

attenuated total reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR), 

13
C CP/MAS NMR and 

29
Si MAS NMR are the same way as described in Section 

4.2.4.  

For the in situ time-resolved SAXS characterizations, liquids were pumped into a 

capillary in the beamline via a syringe pump. And the temperatures of the liquids 

were precisely controlled by a water bath. The beam energy is 12 KeV, and the 

camera length is 500 mm with q range from 0.022 to 1.151 Å
-1

. 

5.3 Results and discussions 

5.3.1 Synthesis of NH2-HMS 

 

 

 

Figure 5.1 TEM images of NH2-meso-silica (A and B) and NH2-HMS spheres (C, and D) 

fabricated via co-condensation method with 8 mmol L
-1

 CTAB and 10 % molar ratio APTES. 

Etching condition: 0.2 M Na2CO3, 60 
o
C 2h. 
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Figure 5.2 (A) SAXS profiles and (B) N2 isotherms of NH2-meso-silica and NH2-HMS particles. 

Synthesis condition: 8 mmol L
-1

 CTAB and 10 % molar ratio APTES. Etching condition: 0.2 M 

Na2CO3, 60 
o
C, 2h. 

 

Amine-functionalized mesoporous silica spheres were synthesized via the co-

condensation of TEOS and APTES with a molar ratio of 10 % for APTES. It can be 

seen from Figure 5.1A that the size of the NH2-meso-silica spheres was about 400 

nm. According to the HR-TEM image in figure 5.1B, the mesoporous structure is 

ordered in short range. What should be noted is the cavity structure of the NH2-

meso-silica spheres. Each NH2-meso-silica particle contained a centred small void 

the size of which varies, as pointed out by the arrows in Figure 5.1B. Moreover, 

there were two or three voids in the combined NH2-meso-silica particles, indicating 

the central position of the cavity. One possible reason for the cavernous chamber in 

the NH2-meso-silica particle is due to the hydrophobicity of TEOS [14, 17]. When 

TEOS is dispersed in the H2O/ethanol solution, it tends to from hydrophobic droplets 

and hydrolyses to silica colloids. The silica colloids that are negatively charged 

deposit on the positively charged CTAB micelles, forming a shell and at the same 

time acting as a morphological stabilizer. The further consumption of the TEOS 
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hydrophobic droplet increases the thickness of the shell, resulting in the formation of 

mesoporous silica spheres with small voids.[14] 

After etched by 0.2 M Na2CO3 at 60 
o
C for 2h, the NH2-meso-silica material was 

transformed into hollow mesoporous spheres of NH2-HMS. According to the TEM 

image shown in Figure 5.1C, the hollow chamber was enclosed by a mesoporous 

shell. Lattice fringes were observed as parallel lines running across the surface of the 

wall and worm-like channels were observed at the edge of the spheres, as shown in 

Figure 5.1D. The average diameter of the spheres was about 360 nm, and the 

thickness of the shell was about 40 nm.  

The mesoporous structure of NH2-meso-silica and NH2-HMS were confirmed by 

the SAXS and BET characterizations, as shown in Figure 5.2. It can be seen in 

Figure 5.2A that a broad peak centred at q = 0.128 Å
-1

 was detected for NH2-meso-

silica, while the peak shifted to 0.124 Å
-1

 for NH2-HM. The d spacing calculated 

from the peak positions were 4.9 nm and 5.1 nm for NH2-meso-silica and NH2-HMS, 

respectively. The mesoporous structure was also detected by the nitrogen isotherm 

curves with type IV adsorption curves with the capillary condensation effect for 

mesoporous structure and H1 type hysteresis corresponding to cylindrical 

mesoporous structures (Figure 5.2B). The BET surface area and pore volume of 

NH2-meso-silica were 601.6 m
2
g

-1
 and 0.47 cm

3
g

-1
, respectively, and dropped to 

342.5 m
2
g

-1
 and 0.37 cm

3
g

-1 
upon the formation of NH2-HMS through etching. The 

results are likely due to the hollow chamber of NH2-HMS particles. Nevertheless, the 

pore size increased from 2.5 nm for NH2-meso-silica to 4.5 nm for NH2-HMS, in 

consistent with the results of SAXS.  

The successful incorporation of the amine groups was confirmed by the solid-

state 
13

C CP/MAS NMR and the ATR-FTIR spectra in Figure 5.3A. The relevant 

carbon signals at 10, 22, 42 ppm correspond to the carbon atoms at –

SiCH2CH2CH2NH2.[18] In the 
29

Si MAS NMR spectrum of the NH2-HMS particles, 

the peak signal at -66 ppm corresponds to the integration of the amine groups (Figure 

5.3B), suggesting the condensation of APTES in the hybrid particles. It should be 

noted that the peak at around 59 ppm was absent, indicating the completely 

hydrolysed silanes and template removal.[15] The presence of the –NH2 groups was 

also confirmed by ATR-FTIR. As shown in Figure 5.3C, the peaks at 1630, 1045 and 

960 cm
-1

 correspond to the framework of mesoporous silica. The most intensive 

peak, centred at 1045 cm
-1

 is associated with the SiO4 v3(F2) stretching vibration. 
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The peak at 796 cm
-1

 corresponds to the SiO4 v1(A) stretching vibration. The peak at 

1630 cm
-1

 is due to the stretching and bending vibrations of the water molecules 

adsorbed on the surface of the mesoporous materials. The peak centred at 960 cm
-1

 

corresponds to the Si-OH stretching of terminal silanol. Peaks detected at 2937 and 

2858 cm
-1

 are attributed to the stretching vibrations of the CH group, while the peaks 

at 1450 and 1391 cm
-1

 are associated with the bending vibrations of those groups. 

The peak at 1531 cm
-1

 belongs to the bending vibration of the N-H bond. It should 

be noted that the C-N stretching vibration in the region of 1030 – 1230 cm
-1

 overlap 

with the broad peak of silanol and the Si-O-Si vibration.[19] 

 

 

Figure 5.3 (A) 
13

C CP/MAS, (B) 
29

Si MAS NMR spectra and (C) ATR-FTIR spectra of NH2-

meso-silica (a) and NH2-HMS(b). Synthesis condition: 8 mmol L
-1

 CTAB and 10 % molar ratio 

APTES. Etching condition: 0.2 M Na2CO3, 60 
o
C, 2h. 
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5.3.2 Factors for the synthesis of NH2-HMS 

5.3.2.1 Roles of CTAB 

   

Figure 5.4 (A) TGA profiles of NH2-meso-silica/CTAB and NH2-meso-silica spheres. (B) The 

TEM image of NH2-meso-silica. TEM images of (C) NH2-meso-silica and (D) NH2-meso-

silica/CTAB etched at 0.2 M Na2CO3 at 60 
o
C for 10 h. The molar ratio of APTES is 10 %. 

 

According to the comparison of the TGA profiles, shown in Figure 5.4A, between 

the pristine NH2-meso-silica/CTAB and NH2-meso-silica, it can be concluded that 

CTAB is removed from the mesoporous channels of NH2-meso-silica after the 

EtOH/HCl reflux treatment. Figure 5.4B shows that after the reflux treatment, the 

mesoporous structure of NH2-meso-silica remains intact and cavity remains centred. 

However, as shown in Figure 5.4C, when the NH2-meso-silica particles were etched 

in an alkaline solution, the mesoporous structure substantially deteriorated and the 

surface of sphere became rough. On the contrary, when the NH2-meso-silica/CTAB 

material was etched in the same condition, the NH2-HMS/CTAB sphere with a 

hollow chamber and a mesoporous shell were obtained (Figure 5.4D). These results 

indicate that CTAB plays an important role in the transformation of NH2-meso-

silica/CTAB into NH2-HMS/CTAB.  

Besides transforming NH2-meso-silica/CTAB into NH2-HMS/CTAB, CTAB also 

affects the particle size of NH2-meso-silica/CTAB. For instance, the average particle 

size of the NH2-meso-silica sphere/CTAB spheres was 726 nm with no void 

observed when the concentration of CTAB was 4 mmol L
-1

, as shown in Figure 
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5.5A. When the concentration of CTAB increased to 8 to16 mmol L
-1

, the average 

particle size of the NH2-meso-silica/CTAB spheres decreased from 400 to 236 nm 

and the void structure emerged (Figure 5.5C, E and G). The reduced particle size is 

likely due to the fact that the increase of the concentration of CTAB decreases the 

interfacial energy of the silane droplet.[17] Moreover, the d spacing of the 

mesoporous structures in NH2-meso-silica/CTAB calculated from SAXS curves was 

4.3 nm at the concentration of 4 mmol L
-1

 CTAB. And it increased to 4.8 nm at the 

concentration of 16 mmol L
-1

 CTAB. This may result from enhanced micelle size 

with increasing the concentration of CTAB.  

After the etching process, the NH2-meso-silica/CTAB spheres were transformed 

into the hollow mesoporous particles except for those at the concentration of 4 mmol 

L
-1

 CTAB (Figure 5.5B). The results indicate that it is more difficult to etch the 

mesoporous silica synthesized at the low CTAB concentration (4 mmol L
-1

) than 

those synthesized at the high CTAB concentration (Figure 5.5D and F). 

 

 

Figure 5.5 TEM images of NH2-meso-silica/CTAB synthesised by the CTAB concentration of 

(A) 4 mmol L
-1

, (C) 8 mmol L
-1

, (E) 12 mmol L
-1

 and (G) 16 mmol L
-1

. (B), (D), (F) and (H) are 

the TEM images for the corresponding samples etched at 0.2 M Na2CO3, 60 
o
C for 2h. The molar 

ratio of APTES is 10 %. 
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Figure 5.6 compares the SAXS profiles of NH2-meso-silica/CTAB spheres before 

and after the etching process. In comparison with the pristine samples, the peak 

intensity for all the materilas substantially decreased after the etching process, and 

the peaks became broadened. The results indicate that the orderly arranged 

mesoporous structure of the NH2-HMS/CTAB spheres is impaired compared with 

the pristine NH2-meso-silica/CTAB spheres. Nevertheless, the peak position for the 

materials at the CTAB concentration of 8 and 12 mmol L
-1 

remained nearly 

unchanged after etching. According to the results, the optimum CTAB concentration 

is in the range of 8 to 12 mmol L
-1

. The physical properties for the NH2-meso-

silica/CTAB materials are listed in Table 5.1. Although 8 and 12 mmol L
-1

 CTAB 

both enable the fabrication of amine-functionalized HMS, the yield of NH2-

HMS/CTAB at 8 mmol L
-1

 is higher than at 12 mmol L
-1

. Therefore, 8 mmol L
-1

 

CTAB will be used in the subsequent studies.  
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Figure 5.6 SAXS profiles of NH2-meso-silica/CTAB spheres before (red line) and after etching 

(black line) against CTAB concentration. Etching condition: 0.2 M Na2CO3, 60 
o
C for 2h. The 

molar ratio of APTES is 10 %. 

 

 

Table 5.1 Physical properties for the mesoporous NH2-meso-silica/CTAB spheres with various 

CTAB concentrations in terms of particle size and d spacing before and after etching process. d1 

before etching process, and d2 after etching process. 

CCTAB, mmol L
-1

 Particle size, nm d1 space, nm d2 space, nm 

4 726 4.3 - 

8 409 4.6 4.6 

12 296 4.7 4.7 

16 236 4.8 - 
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5.3.2.2 Molar ratios of amine groups 

Figure 5.7 shows the SAXS profiles of NH2-meso-silica/CTAB with the molar ratio 

of the amine groups in the range of 10 – 30 %. A broad peak around q = 0.12 Å
-1

 was 

observed for 10 – 20 % NH2-meso-silica/CTAB, indicating the presence of the 

mesoporous structure. However, when the ratio increased to 30 %, the peak was 

absent, which indicates the deterioration of the mesoporous structure. The loss of 

mesoporous structure is attributed to the fact that excess organosilane molecules can 

disrupt the packing of surfactants, and consequently, alter the geometry of structure-

directing micelles and affect the assembly between the silica-micelle complexes.[20, 

21] When the particles were etched at an alkaline condition (0.2 M Na2CO3, 60 
o
C 

for 2h), the broad peak for 10 % NH2-HMS/CTAB remained the same as that for the 

pristine NH2-meso-silica/CTAB. However, the peak for 20 % NH2-meso-

silica/CTAB disappeared, indicating the deterioration of the mesoporous structure. 

Overall, the optimum ratio of APTES for the synthesis of NH2-meso-silica and NH2-

HMS is 10 %, which will be used in the subsequent studies. 
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Figure 5.7 Effects of molar ratios of APTES for the synthesis of the NH2-meso-silica/CTAB 

spheres before (red line) and after etching (black line) at 0.2 M Na2CO3, 60 
o
C for 2h. 

 
 

5.3.2.3 Concentration of Na2CO3  
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Figure 5.8 TEM images of the NH2-meso-silica/CTAB spheres etched at various Na2CO3 

concentrations at 60 
o
C for 2h (A) 0.1 M, (B) 0.2 M (C), 0.3 M (D) 0.4 M. (E) and (F) are the 

shell/core ratio and the SAXS profile of NH2-HMS/CTAB against the concentration of Na2CO3, 

respectively. 

 
 

The concentration of Na2CO3 plays a critical role in etching the NH2-meso-

silica/CTAB spheres. The centre of the NH2-meso-silica/CTAB spheres collapsed 

into silica colloids while the outer parts of the sphere still remained intact after being 

etched in the 0.1 M Na2CO3 solution (Figure 5.8A). And the void became clear as 

the concentration of the etching agent increased, as shown in Figure 5.8B and C, 

which is consistent with the peak changes of NH2-HMS/CTAB, as shown in Figure 

5.8F. Moreover, it can be seen in Figure 5.8E that the shell thickness decreased with 

the increase of the Na2CO3 concentration. However, when the concentration of the 

Na2CO3 solution increased to 0.4 M, the spherical structure of NH2-meso-

silica/CTAB broke into silica fragments, as shown in Figure 5.8D. Moreover, the 

mesoporous structure also deteriorated, as indicated by the absence of the peak 

around 0.13 Å
-1

 in the SAXS curve (Figure 5.8F). Based on these results, the size of 
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the hollow chamber in the NH2-HMS sphere can be easily controlled through tuning 

the concentration of the Na2CO3 solution. For our case, the optimum concentration 

for the Na2CO3 solution is 0.2 ‒ 0.3 M. 

As the inner part of the silica spheres is less exposed to the alkaline solution than 

the outermost layer during the transformation process, the fact that the inner part of 

the spheres preferentially dissolved is very interesting. Figure 5.9 shows the 
29

Si 

MAS NMR spectra of NH2-HMS obtained from different concentrations of etching 

agent after acid extraction. The signals at -93, -100 and -110 ppm correspond to the 

Q2[(SiO)2Si(OX)2, X= H or Et], Q3[(SiO)3SiOH, X= H or Et] and Q4[(SiO)4Si, X= H 

or Et] silicate species, respectively.[22] The T signal at -66 ppm is ascribed to the 

integration of organic functional groups, indicating the existence of the -NH2 groups 

in the HMS spheres.[15] Quantitative analysis shows that 14.1% of the silicon atoms 

in the mesoporous hybrid spheres are at the T sites, and 85.9 % of the silicon atoms 

are at the Q sites, which is consistent with the percentage composition given by the 

APTES and TEOS precursors. However, after the etching treatment, the silicon 

atoms at the T sites decreased with the increase of the concentration of the etching 

agent. Particularly, only 4.5% of the silicon atoms remained at the T sites when the 

spheres were etched in 0.4 M Na2CO3 at 60 
o
C for 2h. The decrease of the T peaks 

after the etching process is most likely to result from the partial dissolution of silica 

condensed from APTES.  

 

 

 

Figure 5.9 Solid state 
29

Si MAS NMR spectra of NH2-HMS obtained from different 

concentrations of etching agent at 60 
o
C for 2h. 
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Table 5.2 Contents of amine groups and Si groups analysed from NMR results. 

Sample T (mol%) Q2 (mol%) Q3 (mol%) Q4 (mol%) Q4/(Q3+Q2) 

Pristine 14.1 2.3 26.2 57.4 2.0 

0.1M 12.1 5.3 29.6 53.1 1.5 

0.2M 9.3 5.0 34.2 51.4 1.3 

0.3M 6.3 7.6 38.1 48.0 1.1 

0.4M 4.5 5.1 33.8 56.5 1.5 

 

Furthermore, according to Table 5.2, the ratio of Q4/(Q3+Q2) of the NH2-HMS 

was obviously lower than that of the as-made NH2-meso-silica material, which 

suggests that the condensation degree of the framework decreases after the etching 

process. It also indicates that silica condensed from TEOS is partially dissolved 

during the etching treatment. Teng et al. described a self-transformation of 

mesoporous silica spheres to hollow structured mesoporous silica spheres in hot 

water, which is induced by a low degree of silica condensation in their inner 

section.[23] Based on their 
29

Si MAS NMR, the degree of condensation of the 

mesoporous silica spheres was much lower than the hollow mesoporous silica 

spheres. In our case, the degree of condensation of NH2-meso-silica is higher than 

that of the NH2-HMS spheres, which indicates the transformation is not due to the 

low condensation degree in the inner spheres.  

Nitrogen sorption characterization was conducted on the acid-extracted materials, 

as shown in Figure 5.10. All the samples show type IV isotherms, indicating the 

capillary condensation effect of the mesoporous structure (Figure 5.10A). The BET 

surface area of pristine NH2-meso-silica was 601.6 m
2
g

-1
, and decreased to 481.7 

m
2
g

-1
 when the spheres were treated in the 0.1 M Na2CO3 solution. With further 

increase of the concentration of the etching agent to 0.2 M, the BET surface area 

dropped to 342.5 m
2
g

-1
. The decrease of the surface area suggests the dissolution of 

the silicate-CTAB under the alkaline solutions. It is interesting to note that the BET 

surface of the spheres treated in 0.4 M is higher than that of the material treated in 

0.2M. The possible reason is the diminishment of the silica colloids in the mesopores 

in the broken silicate fragments generated at the high concentration of the etching 

agent. 

The BJH method assumes the pores are cylindrical pores in shape. The pore size 

of the NH2-meso-silica material treated in 0 to 0.2 M Na2CO3 is almost the same (2.5 

to 2.8 nm), while that of the sample treated in 0.4 M is smaller than 2.0 nm obtained 

from the pore size distribution (Figure 5.10B). The results confirm the excess etching 
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agent tend to destroy the mesoporous structure, in consistent with the results from 

TEM in Figure 5.8D. And the physical properties of the particles are list in Table 5.3. 
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Figure 5.10 (A) N2 adsorption isotherms and (B) pore size distributions of NH2-HMS etched 

from different concentrations of the Na2CO3 solution. 

 

 

Table 5.3 Physical properties of NH2-meso-silica sphere after etching by Na2CO3 with different 

concentrations. 

Sample BET surface area, m
2
g

-1
 pore size

a
, nm pore volume

b
, cm

3
g

-1
 

0 M 601.6 2.5 0.47 

0.1 M 481.7 2.8 0.6 

0.2 M 342.5 2.6 0.37 

0.4 M 491.1 - - 
a
 Value from the pore size distribution; 

b
 BJH adsorption. 
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Figure 5.11 TGA profiles of the NH2-HMS obtained from different concentration of etching 

agents.  

 

In general, there are three weight loss regimes observed in the TGA profiles of 

the NH2-HMS samples, as shown in Figure 5.11. The weight loss at the temperature 

lower than 120 
o
C is attributed to the loss of a small amount of residual ethanol and 

moisture adsorbed on the surface of the materials. The weight loss from 250 to 500 

o
C is due to the decomposition of amino-groups on the surface of the materials.[24] 

The slight weight loss after 500 
o
C is due to the dehydration of the hydroxyl groups 

on the surface and the further co-condensation of the silica matrix.[25] The further 

weight loss after 500 
o
C for the samples treated at 0.4 M is associated with the low 

condensation degree of the silica framework, as suggested based on the 
29

Si MAS 

NMR analysis. 

5.3.2.4 Etching time  

Generally, when the etching agent of Na2CO3 is added into the suspension of NH2-

meso-silica/CTAB, it reacts with the material and transforms NH2-meso-silica/CTAB 

into NH2-HMS/CTAB. Nevertheless, it is critical to answer the question that when 

the transformation is finished. Figure 5.12 shows the particle size distributions of the 

NH2-meso-silica/CTAB spheres against the reaction time in the range of 0 to 20 h. At 

the initial stage, individual NH2-meso-silica/CTAB particles were observed with 

mesoporous structure, and the particle size was in the range of 350 – 500 nm (Figure 
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5.12A). When the silicate-CTAB spheres were etched at the alkaline solution for 60 

min, the interior parts of the silicate-CTAB particle were dissolved to a hollow 

chamber (Figure 5.12B). However, the particle size distribution decreased to 300 – 

450 nm. When the reaction time was extended to 120 min, the particle size 

distribution was almost the same as at 60 min (Figure 5.12C). Furthermore, the 

particle size and shell to diameter ratio were almost constant during the next 18 h 

(Figure 5.12D). The results indicate that the transformation of the NH2-meso-

silica/CTAB material to the NH2-HMS/CTAB material finishes at 1 ‒ 2 h, resulting 

in the hollow structure and the decrease of the particle size.  

 

 

 

Figure 5.12 Particle size distributions of NH2-meso-silica/CTAB after 0.3 M Na2CO3 etching 

under different time. (A) 0 min, (B) 60 min, (C) 120 min and (D) 2-20 h. (D) also includes the 

shell/diameter ratio of the particles. The Insets are corresponding TEM images of the particles in 

difference etching time. 
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5.3.2.5 In situ time-resolved synchrotron SAXS characterizations 

 

 

Figure 5.13 Scheme of the time-resolved synchrotron SAXS characterization.[26] 

 

In order to investigate the formation of the NH2-meso-silica/CTAB spheres and the 

NH2-HMS/CTAB spheres, in situ time-resolved synchrotron SAXS characterizations 

were conducted. Figure 5.13 shows a scheme for the experiment. 

Figure 5.14A shows the in situ time-resolved synchrotron SAXS profile for the 

formation of the NH2-meso-silica/CTAB nanoparticles. At the initial stage (t = 

1min), the solution was transparent and a broad peak centred at q = 0.140 Å
-1

 was 

observed, as shown in Figure 5.14B. That corresponds to the contribution of the 

globular CTAB micelles.[27] Upon addition of inorganic precursors of TEOS and 

APTES, silica oligomers are formed by the hydrolysis of silanes in the alkaline 

condition. The intensity and the position of the peak kept constant from t = 1 to 5 

min, implying that the oligomeric silanes are randomly distributed in the solution. 

Nevertheless, the peak intensity significantly increased from t = 5 to 9 min, while the 

peak position was the same. At the same time, the solution changes from transparent 

to opaque. During this period, negatively charged oligomeric silanes are self-

assembled with positively charged CTAB globular micelles via electrostatic force. 

The formed inorganic-organic pairs increase the contrast between the surface and the 

core of the CTAB micelles, leading to increase in peak intensity. Then, the globular 

micelles were extended into the enlongated rod-like shape micelles started from t = 9 

min, which slightly shifted the peak to q = 0.142 Å
-1

. Then, the rod-like shape 

micelles packed into a 2D hexagonal structure and formed the small nucleus at t = 14  
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Figure 5.14 (A) In situ time-resolved synchrotron SAXS for the formation of the NH2-meso-

silica/CTAB material. SAXS curves comparison of the NH2-meso-silica/CTAB material against 

the time in (B) the (100) plane and (C) the (110) and (200) planes. The inset in (B) is the peak 

position vs. time. 

A 
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min, as indicated by the peak shift from q = 0.142 Å
-1

 to 0.145 Å
-1

. Moreover, a 

broad peak centred at q = 0.280 Å
-1

 was also present, as shown in Figure 5.14C. The 

sharp peak at q = 0.145 Å
-1

 reflects the plane of (100), indicating good ordering on a 

local scale. However, the overlapping lines of the broad peak at q = 0.280 Å
-1

 

correspond to the (100) and (200) planes. That is likely due to the distortion of the 

hexagonal symmetry of second- and higher-order neighbour pores around a central 

pore on a large scale.[28] The distortion of the pores was clearly observed from the 

worm-like mesoporous of the as-synthesized NH2-meso-silica/CTAB nanoparticles 

in Figure 5.1B. Besides, the amino-groups also destruct the regularity of arrays of 

micelles.[29]  
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Figure 5.15 (A) In situ time-resolved synchrotron SAXS for NH2-meso-silica/CTAB etching 

process under 0.1 M Na2CO3 at 60 
o
C, (B) TEM image of the particle in A at t = 130 min. (C) In 

situ time-resolved synchrotron SAXS for NH2-meso-silica/CTAB etching process under 0.3 M 

Na2CO3 at 60 
o
C, and (D) TEM image of the particle in C at t = 130 min. Black line in A and C 

shows the lowest peak intensity during the etching process. 
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Moreover, the transformation of NH2-meso-silica/CTAB into NH2-HMS was also 

investigated by the in situ time-resolved synchrotron SAXS technique, as shown in 

Figure 5.15. Figure 5.15A shows the SAXS curves of the NH2-meso-silica/CTAB 

particles within 130 min under 0.1M Na2CO3 at 60
o
C. The unique peak centred at q 

= 0.145 Å
-1

, corresponding to the (100) plane of the NH2-meso-silica/CTAB 

particles, decreased against the etching time and reached the bottom at t = 20 min, as 

marked in black in Figure 5.15A. And then the peak intensity slightly increased until 

the end of the experiment, while the peak position kept constant during the whole 

etching treatment (Figure 5.16A). On the contrary, the intensity of the overlapping 

peak at q= 0.280 Å
-1 

was almost the same from t = 1 to 20 min, and then it slightly 

increased until the end of the experiment (Figure 5.16A inset).  

Figure 5.15B shows the TEM image for an individual NH2-meso-silica/CTAB 

particle after finishing the etching treatment. The sphere shape and mesoporous 

structure of the etched NH2-meso-silica/CTAB particles are intact with smooth edge. 

Besides, the particle size distribution of the NH2-meso-silica/CTAB particles is 

almost the same before and after the etching treatment, as shown in Figure 5.16B. N- 
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Figure 5. 16 The peak position and intensity of the NH2-meso-silica/CTAB particles against 

etching time in (A) 0.1 M Na2CO3, and (C) 0.3 M Na2CO3. The particle size comparison before 

and after the etching treatment under (B) 0.1 M Na2CO3, and (D) 0.3 M Na2CO3 . 
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evertheless, the interior of the particle was etched to some extent, as indicated by the 

light colour areas in the interior of the particles. The results demonstrate that the 

alkaline solution reacts with silicate only in the interior of the NH2-meso-

silica/CTAB particles. Nevertheless, the alkaline solution is too low in concentration 

to transform NH2-meso-silica/CTAB to NH2-HMS. It should be noted that after the 

20 min reaction, the ordering of NH2-meso-silica/CTAB was slightly increase until 

the end of the experiment, which is likely due to the decrease of the distortion of the 

meso-channels during the alkaline etching reaction.  

However, when the concentration of Na2CO3 solution increased to 0.3 M, the 

NH2-meso-silica/CTAB particles were transformed into the NH2-HMS/CTAB 

particles. Similarly, the intensity of the unique peak for the (100) plane and the 

overlapping peak for the (110) and (200) planes in the NH2-meso-silica/CTAB 

particles shows the same bell-shape as the previous experiment. Both peak intensities 

decreased to the bottom at t = 15 min, marked as black in Figure 5.15C, which is 

faster than the previous sample. However, the peak position for the (100) plane 

shifted from 0.142 Å
-1

 (t = 1 min) to 0.145 Å
-1

 (t = 15 min), and then shifted to 0.145 

Å
-1

 (t = 40 min), as shown in Figure 5.16C. Moreover, Figure 5.15D shows that the 

interior of the NH2-meso-silica/CTAB particles is thoroughly etched and only a 

mesoporous shell with thickness of ~ 40 nm is left. Furthermore, the average particle 

size changed from 285 nm for the NH2-meso-silica/CTAB particles to 255 nm for the 

NH2-HMS particles (Figure 5.16D). 

5.3.3 Formation mechanism 

Generally, the HMS and organic groups functionalized HMS materials are 

synthesized by the template strategy [30] and the self-templating strategy [11]. The 

synthesis, properties and applications of hollow mesoporous silica materials are 

concluded comprehensively by a few reviews [31-34]. In our case, templates are not 

employed, thus the template strategy is eliminated. For the self-templating strategy, a 

number of approaches for hollow structures silica materials have been developed, 

including surface protected etching [35, 36], structural difference-based selective 

etching [37], and cationic surfactant assisted self-etching [16]. Before the discussion 

on the formation mechanism of the NH2-HMS material, let us first examine the self-

templating mechanism in our case.  
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 Surface protected etching. When the surface of a solid silica sphere is 

covered by protecting agents such as PVP and PEI polyelectrolytes, it would 

be stabilized by the protecting agents. On the other hand, etching species, 

OH
-
, is able to permeate to the interior of the silica spheres because of the 

relatively loose structure of sol-gel based the silica spheres, and selectively 

etch the interior of silica spheres. In our case, the CTAB molecules are 

confined in the mesoporous channels of the NH2-meso-silica/CTAB spheres 

instead of the surface of the spheres. Moreover, the surface protecting etching 

method is limited for the solid silica spheres, rather than the mesoporous 

NH2-meso-silica/CTAB particles. Therefore, the surface protecting etching 

principle is not suitable for the transformation of NH2-meso-silica/CTAB to 

NH2-HMS/CTAB in our case. 

 Structural difference-based selective etching. Generally, a hybrid silica layer 

is covered on the silica template for this approach. It is based on the stability 

difference between the surface layer and interior of the hybrid silica spheres. 

When etching agents, such as water, ammonium hydroxide solution, Na2CO3 

and HF etc., are employed, the interior parts of the hybrid silica spheres are 

selectively etched to form the HMS. 
29

Si NMR analysis confirmed that the 

as-synthesized HMS showed fewer defects than the pristine silica 

spheres.[23, 38] In our case, the NH2-meso-silica/CTAB spheres are 

homogeneous without surface covering. However, for the sol-gel based silica 

spheres, it is believed that the silicates located in the central parts are loose 

while the outer parts are dense, because the inner part is formed in the early 

stages of nucleation and growth. Given that the interior parts of the NH2-

meso-silica/CTAB spheres are less dense than the outer parts of the spheres, 

the interior parts tend to be etched by the etching agents, which is consistent 

with our results for the formation of NH2-HMS. However, 
29

Si MAR NMR in 

Figure 5.10 shows that the defects of the NH2-HMS material is higher than 

the pristine NH2-meso-silica/CTAB material. Thus, the structural difference-

based selective etching approach cannot explain the formation of NH2-HMS 

in our case. 

After excluding the self-etching hypotheses, let us have a discussion about the 

roles of CTAB in the NH2-meso-silica/CTAB particles. Generally, CTAB plays two 
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important roles during the formation of HMS. The first role is to redeposit the 

silicate species to form HMS. Zheng et al. [16] proposed an etching-redeposition 

mechanism for the formation of HMS from the solid SiO2 spheres via the cationic 

surfactant-assisted selective etching strategy. According to the strategy, solid SiO2 

releases negatively charged soluble silicate species upon alkaline etching. The 

silicate species are covered by positively charged CTAB micelles via the electrostatic 

force and then redeposit on the surface of SiO2. The etching-redeposition path 

facilitates the etching of SiO2 and eventually leads to the formation of a 

mesostructured CTAB/SiO2 shell, that is, HMS. The second role of CTAB is to 

stabilize the CTAB/SiO2 meso-structure against the alkaline etching. [11, 16] When 

the core-shell SiO2@CTAB/SiO2 spheres are etched in the alkaline solution, solid 

SiO2 core is selectively etched while the oriented mesoporous CTAB/SiO2 shell is 

intact.  

In our case, NH2-HMS is transformed from NH2-meso-silica/CTAB. Radical and 

cylindrical mesoporous channels filled with CTAB micelles are embedded in the 

NH2-meso-silica/CTAB particles, and CTAB molecules are homogeneously 

distributed in the mesopores of NH2-meso-silica/CTAB particles, as illustrated in 

Figure 5.17A. When the NH2-meso-silica/CTAB particle is immersed in the alkaline 

solution, the Br
-
 ions in CTAB molecules will fast exchange with OH

-
 ions in the 

alkaline solution. OH
-
 ion, therefore, are homogeneously anchored on the surface of 

mesopores, as shown in Figure 5.17B. And the density of OH
-
 ions in the NH2-meso-

silica/CTAB particle with distance r from the centre of the sphere, ρ, can be 

calculated from the equation 5.1. 

 

 

Figure 5. 17 The scheme for the cross-sectional image of a NH2-meso-silica/CTAB particles; B, 

the particle of NH2-meso-silica/CTAB after the OH
-
 ions exchange via CTAB molecules; C, the 

enlarged tubes for the mesopores in the NH2-meso-silica/CTAB particles. 
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                                 𝜌 =  
3𝑛𝑑2𝜌0

16𝑟2    (0 < r ≤ R)                                     (5.1) 

Where ρ0 is the density of OH
-
 ions in the mesopores; n is the number of mesopores 

in the sphere; d is the diameter of a mesopores; r is the radius started from the centre 

of the sphere, and R is the radius of the NH2-meso-silica/CTAB, as illustrated in 

Figure 5.17C. Then the differential function can be calculated from equation 5.2. 

                                          
𝑑𝜌

𝑑𝑟
=  −

3𝑛𝑑2𝜌0

8𝑟3  < 0    (0 < r ≤ R)                           (5.2) 

From equation 5.2 we can obtain that the density of OH
-
 decreases with increase of r 

from 0 to R, that is, from the interior part to the outer part of the spheres. 

Based on all the results regarding the synthesis and characterizations, a possible 

formation mechanism for NH2-HMS is proposed, as shown in Figure 5.17. After the 

addition of TEOS and APTES in the CTAB solution, the hydrolysis of silanes forms 

the silica oligomers around the globular CTAB micelles, as named as stage 1. Then 

the negatively charged silica oligomers are self-assembled with positively charged 

CTAB globular micelles via electrostatic force (stage 2). And the globular micelles 

are extended into the enlongated rod-like shape micelles, and pack into a 2D 

hexagonal structure, leading to the small nucleus (stage 3). After that, the silica 

oligomers continuously assemble on the surface of the nucleus to form the NH2-

meso-silica/CTAB spheres (stage 4).  

 

 

Figure 5.18 Proposed mechanism for the formation of NH2-meso-silica/CTAB nanoparticles. 
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When the NH2-meso-silica/CTAB spheres are immersed in a Na2CO3 solution, 

the OH
-
 ions are fast exchanged with the Br

-
 ions in the CTAB molecules that are 

confined in the mesopores of the NH2-meso-silica/CTAB spheres. And the 

concentration of the OH
-
 decreases from the core to the outer parts of the sphere 

because of the gradient of the CTAB concentrations in the spheres. The high 

concentration of the OH
-
 ions in the interior parts leads to dissolve silicates. The 

hollow structure is formed after the dissolving of the interior parts of the spheres. 

Although the outer parts of the sphere are stable, they also could be dissolved by the 

high concentration of OH
- 

ions in the solution, resulting in the decrease of the 

particle size (stage 5). That is why the size of the NH2-meso-silica/CTAB spheres is 

stable under the 0.1 M Na2CO3 solution, while it descends under the 0.3 M Na2CO3 

solution. The etching process follows the sequence of the interior parts and then the 

outer parts of the spheres and the NH2-HMS/CTAB spheres are formed (stage 6). 

5.4 Conclusions 

Amino-functionalized hollow mesoporous silica was fabricated through a simple 

alkaline etching treatment from the functionalized mesoporous silica spheres. And 

the transformation of NH2-meso-silica to NH2-HMS is largely dependent on the 

concentration of the surfactant and etching agent. Without the assistance of CTAB, 

the final NH2-HMS could not be obtained. Besides, the particle size and the 

thickness of the shell can be controlled by tuning the concentration of CTAB and that 

of the etching agents, respectively. For the formation mechanism, it suggested that 

upon the exposure of the silica spheres to an alkaline solution, the OH
-
 ions are 

concentrated in the interior parts of the NH2-meso-silica/CTAB spheres because of 

the enrichment effect induced by CTAB. The high concentration of OH
-
 ions in the 

interior parts of the spheres enables the reaction of silicate and OH
-
. The OH

-
 ions in 

the alkaline solution also attack the outer parts of the sphere and reduce the particle 

size to some extent. However, further research is required to examine in details the 

reasons for the transformation of organic mesoporous silica spheres to hollow 

structures. 
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Chapter 6 Phosphotungstic acid impregnated amino-functionalized 

hollow mesoporous silica particles for the elevated temperature fuel 

cells application 

6.1 Introduction 

Phosphoric acid employed as a proton conductor in high temperature proton 

exchange membranes has attracted great attentions because of its high proton 

conductivity and stability at elevated temperatures.[1] Polybenzimidazole is the 

state-of-the-art membrane suitable for PA-doping because of the weak basic 

properties of its heterocyclic functional groups.[2] Although PBI shows a high glass 

transition temperature and high stability at the temperature up to 435 
o
C, the 

complicated fabrication process largely hinders the wide application of PBI 

membrane as a PEM in elevated temperature fuel cells.[3] Recently, Lu et al.[4] 

developed a composite membrane simply by blending polyethersulfone and 

polyvinylpyrrolidone to form the PES-PVP composite membrane. The membrane 

was successfully employed in elevated temperature fuel cells. PA-doped PES-PVP 

composite membranes showed the high performance at the temperature as high as 

180 
o
C.[5] The higher proportion of PVP, the higher content of PA is adsorbed, 

leading to the high proton conductivity. However, the chemical and mechanical 

stabilities of the PA-doped PES-PVP composite membranes with a high content of 

PVP tend to seriously deteriorate at elevated temperatures. Hence, there is a trade-off 

between the stability of the polymer membrane and its cell performance. 

Incorporation of inorganic nanoparticles and proton conductors into proton 

exchange membranes substantially improves the properties of PEMs.[6, 7] For 

instance, the addition of mesoporous silica materials into PA-doped polymer 

composite membranes facilitates the proton conduction and improves the cell 

performance.[8] According to our previous research, PA-doped inorganic-organic 

PES-PVP hybrid membranes with hollow mesoporous silica, amino-functionalized 

mesoporous silica and amino-functionalized hollow mesoporous silica showed 

superior performance over the pristine PA-doped PES-PVP membrane. And the 

hybrid PES-PVP membrane with NH2-HMS showed the best performance among 

these three types of composite membranes. It is suggested that it was the –NH2 

groups in the mesopores which facilitated proton transportation in the mesopores of 
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the silica materials. Although functionalized mesoporous silica materials can 

improve the proton conductivity of the proton exchange membranes, their intrinsic 

non-conductive characteristic limits their applications in the polymer matrix. In other 

words, excess mesoporous silica deteriorates the mechanical structure of the polymer 

membrane as well as the proton conductivity and cell performance.[9, 10]  

Heteropolyacids are well known inorganic solid acids with high acidity and 

proton conductivity.[11] For instance, phosphomolybdic acid favours increase the PA 

uptake of poly(2,5-benzimidazole) (ABPBI), and consequently, improves the proton 

conductivity of the resulting membranes.[12, 13] Li et al. comprehensively studied 

the effects of the inorganic proton conductors on the proton conductivity of PA-

doped PBI composite membranes.[14] They found that the addition of 

phosphotungstic acid and silicotungstic acid into PBI enhanced the mechanical 

strength and the proton conductivity of the PA/PBI membrane at temperatures up to 

110 
o
C.[14] However, the HPAs are easy to dissolve in water generated in the fuel 

cell operation, leading the decrease of the proton conductivity of PEMs.[15] One 

protocol to reduce the loss of HPAs in PEMs is to transfer the HPAs into insoluble 

caesium salts. The Cs salts of HPAs are good candidates to form composite 

membranes with PBI for elevated temperature fuel cell applications.[16] However, 

the introduction of Cs salts into HPAs substantially reduce the proton conductivity of 

HPAs. Another protocol to fix the HPAs is employing the amino group with weak 

basicity. The amino group is an effective agent to anchor the heteropolyacid tightly 

on the walls of the mesoporous silica materials, such as PWA, via the acid-base 

pairs.[17]  

Herein, PWA impregnated NH2-HMS (named as PWA-NH2-HMS) was employed 

to improve the performance of the PES-PVP composite membranes. PWA was 

confined in the mesopores of the amino-functionalized hollow mesoporous silica 

material via a vacuum impregnation method. The interactions between the PWA-

NH2-HMS particles and the PES-PVP membrane were comprehensively 

investigated. Moreover, the loading of PWA-NH2-HMS was also optimized for the 

PA-doped PES-PVP composite membranes in terms of stability, proton conductivity 

and single cell performance. The results showed that the addition of PWA-NH2-HMS 

filler significantly improved the performance of the PES-PVP composite membrane. 

And it shows great potential for the applications in elevated temperature fuel cells. 



Chapter 6 Page 106 
 

6.2 Experimental section 

6.2.1 HPW-NH2-HMS preparation 

PWA was impregnated into the mesopores of the NH2-HMS spheres via the vacuum 

impregnation method.[18] The loading of PWA in NH2-HMS is 40.0 wt.%. 

6.2.2 Membrane preparation 

Certain amounts of inorganic fillers were mixed into the PES-PVP solution in NMP. 

The dispersion was casted in a petri dish at 100 
o
C for 24 h and 120 

o
C for 24 h. 

Then the membrane was detached from the petri dish with the assistance of Milli-Q 

water. The weight contents of PWA-NH2-HMS in the PES-PVP membranes are 5.0, 

10.0 and 15.0 wt.%. NH2-HMS is employed as the control group, and the content of 

NH2-HMS in the PES-PVP matrix is 10.0 wt.%. 

6.2.3 Characterizations 

Microstructure and element distribution of inorganic powders were examined by 

high-angle annular dark field (HAADF) scanning transmission electron microscopy 

(STEM) using FEI Titan G2 STEM in the accelerate voltage of 200 kV. The powder 

was dispersed in hexane and dropped on a copper grid for the HAADF STEM 

characterization.  

TGA was conducted in the same way as described in Section 3.2.3. ATR-FTIR, 

SAXS, PA uptake and volume swelling, SEM for the cross-sectional morphology of 

the composite membrane, proton conductivity and cell performance analysis were 

conducted in the same way as described in Section 4.2.4. 

Stress–strain curves were recorded using a Testometric Micro 350 under ambient 

conditions and a crosshead speed of 10.00 mm min
-1

. The specimens were die-cut to 

a dog-bone shape with a gauge length and width of 28 and 2 mm, respectively. 

6.3 Results and discussion 

6.3.1 Morphology and structure  
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Figure 6.1 (A), (B) and (C) Bright field TEM images, and (D) HAADF STEM images of a 

PWA-NH2-HMS particle. (E), (F) and (G) are the Si, O, and W element mapping for a PWA-

NH2-HMS particle, respectively. 

 

After impregnation, the PWA molecules were confined homogeneously in the 

mesopores of the NH2-HMS nanoparticles. As shown in Figure 6.1A-C, the hollow 

structure and the mesopores in the shell were clearly observed in the bright field 

TEM images. It can be seen that a large number of black dots with a size of 1-2 nm 

were confined in the mesopores. The high angle annular dark field scanning 

transmission electron microscopy image of PWA-NH2-HMS (Figure 6.1D) further 

confirms the distribution of PWA in NH2-HMS. More specifically, according to the 

silicon (Figure 6.1E) and the tungsten (Figure 6.1G) element mapping, the 

mesoporous channels of the NH2-HMS were filled with PWA. This may due to the 

hydrogen bonds between PWA and amino groups in the mesoporous channels of 

NH2-HMS.[19] 

The mesoporous structure of NH2-HMS and the confinement of PWA in the 

mesopores were also confirmed by the synchrotron small angle X-ray scattering 

results. Figure 6.2A shows a broad peak centred at 0.14 Å
-1

 for NH2-HMS, indicating 

the mesoporous structure of the shell. And the SAXS result is consistent with the 

STEM images in Figure 6.1. The presence of the mesoporous structure was further 

confirmed by the N2 isotherm in Figure 6.2B. Type IV curve for the N2 adsorption 

indicates the capillary condensation effect of the mesoporous structures, while H1 

type hysteresis is an indication of cylindrical mesoporous structures. The Brunauer-

Emmett-Teller surface area of the NH2-HMS was 417.6 m
2
g

-1
, and the pore size 

calculated from Barrett-Joyner-Halenda adsorption method was 4.6 nm. After the 
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PWA impregnation, the peak position for the mesopores of NH2-HMS remained 

unchanged, indicating the mesoporous structure of the host remains intact. However, 

the peak intensity was substantially reduced due to the reduced contrast between the 

silicate framework and the mesoporous channels.[20] The pore size and BET surface 

area of the PWA-NH2-HMS particle decreased to 4.4 nm and 147.5 m
2
g

-1
, 

respectively. Furthermore, the pore volume of PWA-NH2-HMS dropped to 0.28 

cm
3
g

-1
, which is much lower than 0.87 cm

3
g

-1
 of the pristine NH2-HMS material. 

The decrease of BET surface area and pore volume confirms the occupation of PWA 

in the mesopores of the NH2-HMS particles. And the physical properties of NH2-

HMS and PWA-NH2-HMS are listed in Table 6.1. 
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Figure 6.2 (A) SAXS profiles and (B) BET characterizations of NH2-HMS particles impregnated 

by HPW. 
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Table 6.1 Physical properties of NH2-HMS and PWA-NH2-HMS with 40 wt.% PWA loading. 

Sample 

BET surface 

area, m
2
g

-1
 

BJH adsorption 

average pore size, nm 

BJH adsorption average 

pore volume, cm
3
g

-1
 

NH2-HMS 417.6 4.6 0.87 

PWA-NH2-HMS 147.5 4.4 0.28 

 

 

 

Figure 6.3 Cross section SEM images of the PES-PVP composite membranes with various 

PWA-NH2-HMS loading (A) pristine PES-PVP, (B) 5 wt.%, (C) 10 wt.%, and (D) 15 wt.%. Inset 

images are the picture of the corresponding membranes at large scales. 
 

Figure 6.3 shows the morphology of the PES-PVP composite membranes with 

different loading of PWA-NH2-HMS. As can be seen in Figure 6.3A, the pristine 

PES-PVP composite membrane shows dense and smooth structure. When 5 wt.% 

PWA-NH2-HMS was added into the matrix, the particles were found to be 

individually embedded on the PES-PVP membrane with a homogenous distribution 

(Figure 6.3B). Furthermore, according to Figure 6.3C and D, as the filler loading 

increased from 5 to 15 wt.%, increasingly dense particle distribution was observed. 

However, aggregates of the particles were found in the membrane with the filler 

loading of 15 wt.%, indicating an excess of the PWA-NH2-HMS filler for the PES-

PVP composite membrane. It should be noted that the hollow structure of PWA-

NH2-HMS particles was clearly observed on some broken particles, as pointed out 

by the arrows in Figure 6.3D. 
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6.3.2 Thermal stability 
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Figure 6.4 TGA profiles of the PWA-NH2-HMS based PES-PVP composite membrane (A) 

weight and (B) derivation weight as a function of temperature. 

 

Thermogravimetric analysis was employed to confirm the PWA-NH2-HMS 

composition after casting and examine the thermo-oxidative stability of the 

composite membranes. The loading of PWA-NH2-HMS determined by the 

calcination of the composite membrane in air is consistent with the calculated value, 

as shown in the inset of Figure 6.4A. The weight loss below 100 
o
C of all the 

composite membranes is due to the evaporation of adsorbed moisture. The second 

weight loss started from around 300 
o
C is due to the degradation of PVP. And the 

third weight loss at around 500 
o
C results from the decomposition of PES.[5] By 
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adding the PWA-NH2-HMS fillers, the thermal stability of the PES-PVP composite 

membranes is improved in terms of the decomposition temperature of PVP and PES. 

For instance, the decomposition temperature of PVP increased from 426 to 439 
o
C, 

and that of PES raised from 541 to 559 
o
C after the addition of 5 wt.% PWA based 

mesoporous silica filler. Consequently, the addition of the PWA-NH2-HMS fillers 

enhances the thermal stability of the PES-PVP composite membrane, which shows 

great potential for the application of these composite membranes in elevated 

temperature proton exchange membrane fuel cells. 

6.3.3 ATR-FTIR 

The characteristic ATR-FTIR adsorptions of PWA with Keggin unit in the PES-PVP 

membrane are shown in Figure 6.5. Compared with the adsorption band of W-Ob-W 

at 880 cm
-1

 in pristine PWA, the peak shifted to 895 cm
-1

 when PWA was added into 

the PES-PVP membrane. The results indicate that the proton of PWA is transferred to 

the PVP molecules. In the PVP molecule, only the electronegative nitrogen and the 

ketonic oxygen atom could interact with protons in PWA, while the C=O bonds 

(1650 cm
-1

) in PVP remained unchanged by the addition of PWA.[21] Lu et al.[22] 

investigated the chemical interaction between PWA and the PES-PVP membrane, an- 
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Figure 6.5 ATR-FTIR profiles of the PES-PVP composite membranes with different inorganic 

fillers.(A) pristine PES-PVP; (B) PES-PVP with PWA; (C) pristine PWA; (D) PA-PES-PVP; and 

(E) PA-PES-PVP with PWA-NH2-HMS. 
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d revealed that it was H-Ob in the PWA molecule that interacted with the N atom in 

the N-heterocycle side chain of PVP. When the PES-PVP composite membrane was 

doped by PA, there was a broad peak in the range of 1050 – 900 cm
-1

, which is 

attributed to the free phosphoric acid molecules.[23] Moreover, the C=O bonds in 

PVP red-shifted to 1626 cm
-1

 after the PA adoption both in PES-PVP and the PES-

PVP membrane with the PWA-NH2-HMS filler. The red shift of the C=O bond 

suggests strong interaction between C=O and the OH groups of the PA molecules via 

hydrogen bonding. Overall, it is the O atom and the N atom in PVP that tend to 

interact with PA and PWA molecules, respectively. 

6.3.4 PA uptake, volume swelling and mechanical stability  
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Figure 6.6 The PA uptake and volume swelling for the PES-PVP composite membranes with 

various loading of PWA-NH2-HMS filler. 

 

 

Table 6.2 Properties of the PES-PVP composite membranes with various loading of PWA-NH2-

HMS filler. NH2-HMS was employed as the control group. 

Inorganic filer Loading, % 
PA uptake, 

wt.% 

volume 

swelling, % 

PA per 

Unit 

Elastic 

modulus, MPa 

PWA-NH2-HMS 0 303 213 4.9 16 

 5.0 304 343 4.9 30 

 10.0 294 265 4.8 23 

 15.0 288 223 4.7 28 

NH2-HMS 10.0 278 179 4.5 ‒ 
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The composite membranes were immersed in 85 wt.% PA for one week at room 

temperature for PA doping. PA uptake was determined gravimetrically relative to the 

weight of the dry membrane, as shown in Figure 6.6. The PA uptake of the 

composite membrane was found to slightly decrease with the addition of the 

inorganic PWA-NH2-HMS filler. The PA uptake for the pristine PES-PVP composite 

membrane was 303 wt.%, corresponding to 4.9 PA per polymer repeat unit. 

Generally, the inorganic fillers show low PA uptake and weak interaction with the 

polymer membrane.[24] In this regards, by adding PWA-NH2-HMS, the PA uptake 

would be expected to decrease. However, after the addition of 5 wt.% of PWA-NH2-

HMS into the PES-PVP membrane, the PA uptake remained almost the same as the 

pristine PES-PVP membrane, while the volume swelling ratio increased from 263 % 

of PES-PVP to 343 %. The possible reasons are when a certain amount of the 

inorganic particles are homogenously distributed on the polymer matrix, the particles 

weaken the interactions among the polymer molecules, resulting in the increase of 

the swelling ratio and consequently increased PA uptake. Moreover, –NH2 group in 

the mesopores of the functionalized HMS also absorbed the PA molecules via the 

acid-base pair interaction. With further increase of the filler content, excessive 

inorganic particles tend to aggregate, leading to a reduced swelling ratio of the 

polymer matrix. For instance, when 15 wt.% of PWA-NH2-HMS was added into the 

PES-PVP composite membrane, the volume ratio decreased to 223%. In that case, 

nevertheless, the positive effect on PA uptake contributed by the –NH2 groups is not 

sufficiently significant to compensate the negative effect caused by the aggregation 

of the fillers, leading to a slight decrease of the PA uptake to 288 % for the 

composite membrane. 

It should be noted that the PES-PVP membranes with the PWA-NH2-HMS show 

superior PA uptake than the NH2-HMS modified membrane. For instance, the 

addition of 10 wt.% of NH2-HMS into the PES-PVP membrane resulted in a PA 

uptake of 278 wt.% and correspondingly 4.5 PA per polymer repeat unit. However, 

the PA uptake increased to 294 wt.% and 4.8 PA per polymer repeat unit with the 

same loading of PWA-NH2-HMS in the membrane. Moreover, we have recently 

concluded that the addition of PWA into the pure PES-PVP membrane, with weight 

content of 1.2 –30 %, increased the PA uptake of the membrane. The addition of 

PWA in NH2-HMS, therefore, substantially compensates the loss of the PA uptake 

caused by the addition of the NH2-HMS in the composite membrane. The properties 
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in terms of the PA uptake, volume swelling ratio and the mechanical strengths of the 

composite membranes are listed in Table 6.2. 

The strain-stress curves and the corresponding elastic modules for the PA-doped 

PES-PVP composite membranes with inorganic fillers are shown in Figure 6.7. In 

Figure 6.7A, the pristine PA-PES-PVP membrane shows high tensile stress at break 

of the membrane. After the addition of PWA-NH2-HMS particles, the tensile stress 

of the composite membranes was lower than that of the pristine PA-PES-PVP 

membrane. Moreover, the tensile stress decreased with increasing the inorganic 

fillers. That is likely due to the discontinuities in the polymer phase.[24] On the 

contrary, the elastic modulus of the PA-PES-PVP membrane increased after the 

addition of the inorganic fillers (Figure 6.7B). For example, the elastic modulus of 

the phosphoric acid doped pure PBI membrane was 16 MPa as compared with 28 

MPa for the membrane with a PWA-NH2-HMS loading of 15 wt.% (Table 6.2). That 

indicates that the PES-PVP composite membranes with inorganic fillers become soft 

after the addition of the PWA-NH2-HMS particles, which are still sufficient for 

processing and membrane electrode assembly fabrication.  

 

 

 

Figure 6. 7 (A) Selection of stress-strain curves for the composite membranes with PWA-NH2-

HMS loading of 0 – 15 wt.% after PA doping and (B) the corresponding elastic modulus for each 

membrane. The standard deviations are indicated by the error bars. 
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6.3.5 Proton conductivity 

The in situ proton conductivity of the PES-PVP composite membranes with different 

fillers and filler loadings were tested at different temperatures (Figure 6.8A). For the 

PA-PES-PVP membrane, the proton conductivity of the membrane was 7.8 × 10
-2

 S 

cm
-1

 at 120 
o
C without external humidification, and it increased to 1.14 × 10

-1
 S cm

-1
 

at 180 
o
C. When either NH2-HMS or PWA-NH2-HMS was added into the matrix, the 

proton conductivity of the composite membrane increased, compared with that of the 

PA-PES-PVP membrane. Mustarelli et al.[25] suggested that the entrance of PA into 

the mesopores of the silica materials had a positive effect on the proton conduction 

of the polymer membrane. In our case, when either the PWA-NH2-HMS or NH2-

HMS particle was homogenously added into the PES-PVP membrane, PA also 

entered the mesopores of the fillers and facilitated the proton transportation in the 

polymer matrix. 

Moreover, the PES-PVP membrane with 10 wt.% PWA-NH2-HMS shows a 

proton conductivity of 1.75 × 10
-1

 S cm
-1

 at 180 
o
C under anhydrous condition, 35% 

higher than that of the membrane with 10 wt.% NH2-HMS as the filler at the same 

condition (1.29 × 10
-1

 S cm
-1

). Therefore, such enhanced proton conduction of the 

former membrane is considered to result from PWA. This is confirmed by examining 

the proton conductivity of the PES-PVP membrane with different loadings of the 

PWA-NH2-HMS filler. As the PA uptake, the value decreased with increasing the 

filler loading. The proton conductivity would be expected to be reduced with the 

decrease of the PA uptake. However, the proton conductivity of the PES-PVP 

composite membranes increased from 1.61 to 1.75 × 10
-1

 S cm
-1

 at 180 
o
C, as the 

loading of PWA-NH2-HMS increased from 5 wt.% to 10 wt.%. The result indicates 

that it is PWA that contribute to the improvement of the proton conductivity when 

the loading of the fillers is lower than 10 wt.%. Nevertheless, with the further 

increase of the loading to 15 wt.%, the proton conductivity reduced to 1.55 × 10
-1

 S 

cm
-1

 at the same test condition. These results demonstrate that under this condition, 

the improvement of proton conductivity contributed by PWA is insufficient to 

compensate the loss of proton conductivity resulting from the decrease of PA uptake.  
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Figure 6.8 (A) Proton conductivity and (B) activation energy for proton transportation in PA-

doped PES-PVP composite membranes. (a) ● 10 % PWA-NH2-HMS; (b) ■ 5 % PWA-NH2-

HMS; (c) ▲ 15% PWA-NH2-HMS; (d) ♦ 10 % NH2-HMS; (e) ▼ pristine PES-PVP composite 

membrane.  

 

Figure 6.8B shows the activation energy of proton transportation for the PA-

doped PES-PVP composite membranes. The PA-doped PES-PVP membrane with 10 

wt.% of NH2-HMS shows lower activation energy than the PA-PES-PVP membrane, 

indicating a positive effect of the inorganic filler on proton diffusion in the PES-PVP 

composite membranes. When PWA-NH2-HMS was added into the PES-PVP 

membrane, the activation energy for proton transportation was further reduced in 

comparison with that of NH2-HMS. More specifically, the activation energy of PES-
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PVP composite membranes shows a U-shape against the loading of PWA-NH2-HMS.  

The PES-PVP membrane with 10 wt.% of PWA-NH2-HMS shows the lowest 

activation energy of 10.0 kJ mol
-1

, suggesting the highest proton diffusion rate of the 

membrane. The results also confirm the positive effect of the inorganic fillers for 

proton transportation in the PA-doped PES-PVP composite membrane, especially 

with the PWA-NH2-HMS fillers. However, the excess filler loading of PWA-NH2-

HMS (> 10 wt.%) hinders the diffusion of protons in the membrane, resulting from 

the reduced PA adsorption ratio. 

6.3.6 Cell performance 
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Figure 6.9 Single cell performance of PA-doped PES-PVP composite membranes with (A) 

pristine PES-PVP; (B) 5 % PWA-NH2-HMS; (C) 10 % PWA-NH2-HMS; (D) 15 % PWA-NH2-

HMS; (E) 10 % NH2-HMS pristine and (F) peak power density conclusion of PES-PVP based 

composite membranes. 
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The single cell performance of the PA-doped PES-PVP composite membranes was 

evaluated at different temperatures, as shown in Figure 6.9. The peak power density 

of the PA-PES-PVP membrane was 105.9 mW cm
-2

 at 120 
o
C, and improved to 

249.1 mW cm
-2

 at 180 
o
C (Figure 6.9A). When NH2-HMS was added into the 

polymer host, the composite membrane shows superior peak power density than the 

PA-PES-PVP membrane at the temperatures ranging from 120 to 180 
o
C. For 

instance, the peak power density of PES-PVP membrane with 10 wt.% of NH2-HMS 

reached up to 348.7 mW cm
-2

 at 180 
o
C, which is 40.0 % higher than that of the PA-

PES-PVP membrane. This is due to the facilitated proton conductivity in the 

mesopores of the NH2-HMS particles via the hydrogen bond network between the -

NH2 groups and the PA molecules. However, when 5 wt.% of PWA-NH2-HMS was 

added into the PES-PVP membrane, the peak power density of the membrane was 

raised to 400 mW cm
-2

 at 180 
o
C without external humidification, 14.7 % higher than 

that of the PES-PVP membrane with NH2-HMS. That is contributed to the positive 

effect of PWA for NH2-HMS in terms of proton conductivity. Moreover, the highest 

cell performance reached up to 420 mW cm
-2

 at 180 
o
C for PES-PVP with 10 wt.% 

of PWA-NH2-HMS. However, further increasing the loading of PWA-NH2-HMS to 

15 wt.% leaded to a decrease of the cell performance. Overall, the variation of the 

cell performance is subject to the positive effect of PWA and the negative effect of 

NH2-HMS on the proton conductivity of the composite membrane. 
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Figure 6.10 Durability test of PES-PVP based composite membranes with different loading of 

PWA-NH2-HMS filler in the range of 0 to 15 wt.%. Both H2 and O2 have flow rate of 100 mL 

min
-1

, 0 % RH, 90 
o
C, while the fuel cell was tested at 200 

o
C. 
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Durability of the single cell performance is also a critical criterion for the 

operation of PEMs in fuel cells. Figure 6.10 shows the durability of the PES-PVP 

composite membranes that were operated at 200 
o
C without external humidification. 

With the constant current loading of 200 mA cm
-2

, the cell voltage of the PA-PES-

PVP composite membrane sharply dropped from 0.62 V to 0.36 V during the period 

of 22 h. The substantial degradation of the durability is likely due to the dehydration 

and out-leaching of the acid in PA-PES-PVP membrane cells at the high temperature 

of 200 
o
C.[26] Moreover, as calculated and confirmed by Lu et al., the glass 

transition temperature of the PES-PVP membrane with the weight ratio of 3:7 is 190 

o
C,[5] which is lower than the operation temperature of the fuel cell. Thus, the high 

temperature might lead to the loss of thermal stability of the composite membrane, 

and consequently, the degradation of the membrane performance. By adding 5 wt.% 

of PWA-NH2-HMS to the PES-PVP membrane, the degradation was significantly 

reduced as shown in Figure 6.10. By increasing the amount of PWA-NH2-HMS to 15 

wt.%, the durability was significantly improved. In comparison with the membrane 

with a 5 wt.% filler loading, the low cell voltage during the first 10 h is due to the 

low proton conductivity of the membrane with a 15 wt.% filler loading. 

Nevertheless, its durability was significantly higher than that with a 5 wt.% filler 

loading. This is likely to be attributed to the enhanced thermal stability after the 

addition of the inorganic fillers and in situ formation of phosphosilicate [24] in the 

composite membrane. 

6.4 Conclusions 

PWA impregnated NH2-HMS were homogenously embedded in the matrix of the 

PES-PVP membrane with different loading up to 15 wt.%. PWA tended to donate the 

protons to the N atom in the heterocyclic carbon ring of PVP, while PA was favour to 

attack the ketonic O atom in the PVP molecules. Because of the facilitated proton 

transportation in the mesopores of NH2-HMS, the addition of the filler significantly 

increased the proton conductivity and cell performance of the polymer host. 

Moreover, the impregnation of PWA into the amino-functionalized hollow 

mesoporous silica further improved the properties of the polymer matrix in terms of 

proton conductivity and single cell performance. The optimum loading of the PWA-

NH2-HMS in PES-PVP was determined to be 10 wt.%. Overall, PWA-NH2-HMS 
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shows promising potential application with simple fabrication process and 

outstanding cell performance. 
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Chapter 7 Phosphotungstic acid impregnated mesoporous silica for 

polybenzimidazole based polymer electrolyte membrane fuel cells at 

200 
o
C 

7.1 Introduction 

High temperature operation of polymer electrolyte membrane fuel cells allows for 

better fuel impurity tolerance and catalyst kinetics as well as simplified cooling 

systems.[1] Membranes of phosphoric acid doped polybenzimidazole [2-4] or 

pyridine containing aromatic polyethers[5] are among the most promising electrolyte 

systems in this connection, showing high proton conductivity at low water activity as 

well as good thermal and oxidative stability. Great progress has been achieved in this 

field and lifetimes of up to 18,000 h have been reported by several groups at constant 

current load as well as under dynamic operation at intermediate temperatures up to 

about 160 °C.[6-11] While electrode related degradation seem to be the most 

significant during idling[12] or shut-down/start-up,[13] membrane degradation or 

acid redistribution predominate during the operation at high current loads.[14-16] 

In the higher end of the operating temperature regime (180 ‒ 200 °C) the PA loss 

rate increases considerably, eventually leading to acid depletion and proton 

conductivity decay.[6, 17] High water activities, i.e. operation at high current loads, 

further promote this mechanism,[6, 18] due to suppressed pyrophosphate 

formation.[19] For example, the PA leaching rate at the cathode at 190 °C has been 

found to be about an order of magnitude higher than at 160 °C.[6, 20] As a result, the 

durability data reported in the literature at 190 ‒ 200 °C do not extend to much more 

than a few hundred hours of operation.[3, 6, 9] Nevertheless, increasing the 

operating temperature from 160 to 200 
o
C is strongly beneficial due to further 

improved catalyst kinetics and fuel impurity tolerance in combination with better 

possibilities for thermal integration with fuel processing units.[21-24] It is, therefore, 

of great interest to improve the long term stability under such challenging operating 

conditions, where the utilization of composite membranes has proven a successful 

approach.[25-27] 

The proton conductivity and cell performance of the composite membranes can 

be improved by incorporating functionalized mesoporous silica materials into 

polyelectrolyte matrix.[28-30] That is due to their high water retention capability and 
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facilitated proton transportation in the functionalized mesoporous channels. 

Phosphotungstic acid (H3PW12O40·nH2O) functionalized mesoporous silica (PWA-

meso-SiO2) shows a high proton conductivity of 3.4 × 10
-2

 S cm
-1

 and encouraging 

fuel cell performance at 200 °C.[31] Although PWA is water soluble and cannot be 

used as PEM on its own, leaching of the PWA is prevented by anchoring the 

heteropolyacid to the mesoporous silica network through ionic interactions. As a 

result, such composites show good stability and nearly unchanged ion exchange 

capacity after 200 h in water for the composites with low initial PWA contents of 10 

‒ 15 wt.% [31]. 

Herein, we introduced PWA-meso-SiO2 into the PA/PBI matrix to improve the 

fuel cell durability in the high end of the operating temperature regime. Stable 

operation was achieved under dry conditions at 200 °C for 2,700 h, which is a 

significant milestone in the high temperature PEM fuel cell development. 

Furthermore, the reasons for the exceptional durability of the composite membrane 

were investigated in details, and revealed that the in situ formed phosphosilicate and 

stabile Pt catalyst in the electrode were the critical factors. 

7.2 Experimental  

7.2.1 Membrane preparation 

The PWA-meso-SiO2 (40 wt.% PWA, 2.0 g) was prepared as described elsewhere 

[32] and dispersed in 100 mL methanol (Sigma-Aldrich) containing 2.0 g 

dequalinium chloride hydrate (DCH, Sigma-Aldrich), as shown in Figure 7.1. The 

mixture was stirred mechanically for 1 h and further ultrasonicated for 3 h to form a 

fine dispersion. The mixture was subsequently dried at 160 °C for 20 h in vacuo 

yielding an off-white powder. Composite membranes were prepared by dispersing 

the modified PWA-meso-SiO2 in a N,N-dimethylacetamide (DMAc, Sigma-Aldrich) 

solution of mPBI (6.1 wt.%) from Danish Power Systems (inherent viscosity 0.95 dL 

g
-1

 at 30.0 °C and 500 mg dL
-1 

in 96 wt.% H2SO4), to give PWA-meso-SiO2:mPBI 

weight ratios of 0, 5, 10, 15, 20, 30 and 40 wt.%. The mixtures were ultrasonicated 

for 20 h and cast on Petri dishes from room temperature to 120 °C. The obtained 

composite membranes were treated with methanol at 50 °C in order to wash out the 

DCH modifier and further dried at 180 °C for 3 h. The membranes were imbibed 

with PA in 85 wt.% H3PO4 (Sigma-Aldrich) for at least 2 weeks. 
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Figure 7.1 Chemical structure of the poly[2,2´-m-(phenylene)-5,5´-bibenzimidazole] (mPBI) 

repeat unit and dequalinium chloride hydrate modifier. 

 

7.2.2 PWA-meso-SiO2 and composite Membrane characterization 

N2 adsorption/desorption isotherms, ATR-FTIR, the acid uptake and volume swelling 

are the same way as described in Section 4.2.4. Mechanical performance and 

HAADF STEM are the same way as described in Section 6.2.3. 

All the single pulse 
1
H NMR and the 

1
H PFG-NMR diffusion experiments were 

carried out on a Bruker Advance III 300 MHz wide bore spectrometer (with proton 

Larmor frequency of 300.13 MHz) equipped with a 5 mm diff50 pulse-field gradient 

(PFG) probe. The 90 degree pulse lengths for single pulse 
1
H NMR were 15 µs, and 

the recycle delays were 10s to allow the system to recover to the equilibrium state. 

The pulse-field gradient stimulated echo (PFG-STE) pulse sequence was used to 

obtain diffusion coefficients. The maximum gradient strength is 29.454 T m
-1

. The 

sample temperatures in the probe for the 
1
H NMR variable temperature experiments 

were calibrated by using the relative chemical shift separation between the OH 

resonance and CH3 resonance of dry methanol.  

Scanning electron microscopy imaging was carried out using a Carl Zeiss EVO 

MA10 scanning electron microscope equipped with an INCA energy-dispersive X-

ray spectroscopy system from Oxford Instruments. The membrane cross-sections for 

the SEM imaging were prepared by sandwiching the membrane samples between 

two pieces of non-woven carbon cloth followed by ion-milling using a Hitachi E-

3500, and sputter coated with carbon.  

Thermogravimetric data were acquired using a Netzsch STA 409 PC. The 

thermograms were recorded at a heating rate of 10 °C min
-1 

in air. The 

thermogravimetric curves were normalized with respect to the dry membrane basis at 

210 °C.  
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7.2.3 Proton conductivity and fuel cell tests 

The gas diffusion electrodes were supplied by Danish Power Systems. They 

consisted of 57.33 wt.% Pt/C from Johnson Matthey, applied on a nonwoven carbon 

substrate (Freudenberg H2315 C2) by a spray technique using mPBI as binder. The 

loading of platinum and mPBI was 1.6 and 0.1 mg cm
-2

, respectively. Membrane-

electrode assemblies with an active area of 4 cm
2
 were fabricated by sandwiching the 

phosphoric acid doped membrane between two pieces of the gas diffusion electrodes 

followed by hot-pressing (4.9 MPa) at 180 °C for 10 minutes.  

The fuel cell hardware was made of graphite plates with parallel gas channels. 

Two aluminum end plates with attached heaters were used to clamp the graphite 

plates and current collecting plates. Hydrogen and air were supplied to the anode and 

cathode, respectively. The polarization curves were obtained by current step 

potentiometry. The area specific resistance was obtained from the polarization data 

in the region where no mass trans limitations were present by fitting to Equation 7.1 

by regression, where E is the cell voltage, i is the current density, a is a constant, b is 

the Tafel slope and RASR is the area specific resistance.  

                                                 E = a - blog(i) - iRASR               (7.1) 

The proton conductivity of the composite membranes, σ was subsequently calculated 

according to Equation 7.2, where t is the thickness of the membrane and RASR is area 

specific resistance as obtained from Equation 7.1. 

                                                         σ = t / RASR     (7.2) 

7.3 Results 

7.3.1 Morphology of the inorganic particles and membranes 

The bright field TEM image in Figure 7.2A shows (100) plane of PWA-meso-SiO2 

particle. And the corresponding HAADF-STEM image clearly shows hexagonal 

mesoporous channels of the PWA-meso-SiO2 particle along [100] direction (Figure 

7.2B). From the silicon (Figure 7.2D) and tungsten (Figure 7.2C) element mapping it 

can be seen that the mesoporous channels of meso-SiO2 are filled with PWA, 

anchored to the mesoporous silica network through ionic interactions.[33] The 

parallel white lines in the STEM image of PWA-meso-SiO2 (Figure 7.2 E) 

compliments Figure 7.2 B by further confirming that the pores of meso-SiO2 are 
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Figure 7.2 (A) Bright field TEM, (B) HAADF STEM image and corresponding (C) Si and (D) 

W element mapping for the PWA-meso-SiO2; (E) large scale HAADF STEM image for PWA-

meso-SiO2; (F) SAXS patterns and (G) N2 adsorption isotherm of meso-SiO2 and PWA-meso-

SiO2. 

 

filled with PWA along the [001] direction in large scales. The small angle X-ray 

scattering of meso-SiO2 after PWA impregnation shows reduced intensity of the 

meso-SiO2 matrix (Figure 7.2 F), indicating an aggregation of PWA within the meso-

SiO2 structure.[34] Moreover, the scattering peak position after PWA impregnation 

remains unchanged, suggesting structural integrity. The N2 adsorption/desorption 

isotherms of meso-SiO2 and PWA-meso-SiO2 show type IV adsorption curves with 

capillary condensation effect for the mesoporous structure and H 1 type hysteresis 

for cylindrical mesoporous structures (Figure 7.2 G). The BET surface area and BJH 

pore volume of meso-SiO2 were 507 m
2
 g

-1 
and 0.89 cm

3 
g

-1
, respectively, while they 

sharply reduced to 196 m
2
 g

-1 
and 0.25 cm

3 
g

-1
 after the PWA functionalization 

(Figure 7.2 G), which is consistent with the STEM/TEM and SAXS results. 

The pristine PBI membrane shows a smooth and dense structure as evidenced 

from the cross-sectional scanning electron microscopy imaging (Figure 7.3A). After 

a surface modification of PWA-meso-SiO2 with dequalinium chloride hydrate, 

homogenous PBI composite membranes were obtained with low PWA-meso-SiO2 

loading of 5 wt.% (Figure 7.3B). That is due to the great dispersion of the particles in 

PBI solution. Further increase the loadings of PWA-meso-SiO2 to 10 ‒ 15 wt.% 

resulted in anisotropic structures and pore formation (Figure 7.3C and D), likely due 

to the agglomeration of the inorganic component at high concentrations.  
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Figure 7.3 Cross sectional SEM images of (A) PBI, and PBI membranes with (B) 5 wt.%, (C) 10 

wt.% and (D) 15 wt.% PWA-meso-silica. 

 

7.3.2 PA uptake and mechanical properties 

The composite membranes were subsequently equilibrated in 85 wt.% PA at room 

temperature. The PA uptake was determined gravimetrically relative to the weight of 

the dry membrane. It was found to decrease gradually with increasing the PWA-

meso-SiO2 loading (Table 7.1) More specifically, the PA uptake of the pristine PBI 

membrane was 341 wt.%, corresponding to about 10.5 PA per polymer repeat unit. 

When 5 wt.% PWA-meso-SiO2 was added, the PA of the membrane dropped to 308 

wt.%, indicating the negative effect of silica materials on the PA uptake of PA/PBI 

composite membranes.[35] That is also confirmed by the decrease of the PA uptake 

to 215 wt.% for the composite with a PWA-meso-SiO2 loading of 40 wt.%. 

Generally, the mechanical property of the composite membrane is a critical 

criterion for the membrane to be used in fuel cells. The mechanical properties of PBI 

composite membranes before and after PA-doping were tested, as shown in Figure 

7.4. Before PA doping, the PBI composite membrane shows outstanding mechanical 

properties and dimensional stability, as shown in Figure 7.4A1 and A2. With 

increment of the PWA-meso-silica content in PBI membrane, the mechanical 

strength of the composite membrane dropped. That may be due to a porous structure 

of the composite membrane, resulting from the aggregation of the inorganic filler. 

On the other hand, when the PBI based composite membranes were doped by PA, 
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the mechanical strength of the composite membrane sharply dropped (Figure 7.4B1 

and B2). That is due to the swelling of the membrane and the reduced intermolecular 

force among the polymer backbones. The elastic modulus and engineering tensile 

stress at break of the PA equilibrated composites was found to decrease with 

increasing PWA-meso-SiO2, likely due to discontinuities in the polymer phase. For 

example, the elastic modulus of the phosphoric acid doped pure PBI membrane was 

52 MPa as compared with 25 MPa for the membrane with a PWA-meso-SiO2 loading 

of 40 wt.%, which is still sufficient for the processing and membrane electrode 

assembly fabrication. Overall, the results indicate that the inorganic filler reduce the 

mechanical strength of PBI membrane, where the mechanical strength of the PBI 

composite membranes is still sufficient to be operated in elevated temperature fuel 

cells. 

 

Table 7.1 Phosphoric acid uptake and volume swelling after doping in 85 wt.% H3PO4 at room 

temperature for at least 2 weeks. 

PWA-meso-SiO2 loading / wt.% 0 5 10 15 20 30 40 

H3PO4 uptake / wt.% 341 308 284 242 226 219 215 

Volume swelling / vol.% 203 167 163 137 128 130 100 

 

 

 

Figure 7.4 Tensile strength of PBI composite membranes with different PWA-meso-silica 

loading before (A1 and A2) and after (B1 and B2) PA-doping. 
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7.3.3 Proton conductivity  

 

Figure 7.5 In situ proton conductivity PA-doped membranes with PWA-meso-SiO2 loadings 

ranging from 0 ‒ 40 wt.%; (B) 
1
H chemical shift of meso-SiO2 and (C) Proton diffusion 

coefficient in PA-meso-SiO2 and PA-PWA-meso-SiO2 at different temperatures. 

 

The in situ cross-sectional proton conductivity of the composite membranes at 160, 

180 and 200 °C was calculated from the fuel cell polarization data without 

humidification of the feed gases. The pristine PA/PBI membrane with PA uptake of 

341 wt.% shows proton conductivity in the range of 2.2 – 2.4 × 10
-2

 S cm
-1

 at 160 – 
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200 °C (Figure 7.5A), in consistence with the data in the literature.[36] Although the  

PA uptake of the composite membranes significantly decreased with increasing the 

PWA-meso-SiO2 loading, the conductivity was still in a practically useful range. For 

example, the membrane with a PWA-meso-SiO2 loading of 40 wt.%, had a PA uptake 

of 215 wt.% and a in-situ cross-sectional proton conductivity of 1.4 and 1.7 × 10
-2

 S 

cm
-1

 at 160 °C and 200 °C, respectively. Moreover, the decrease in the PA uptake 

significantly reduces the volume swelling. For the membrane with a PWA-meso-

SiO2 loading of 15 wt.%, the volume swelling ratio was 137%, much lower than 

203 % of the pristine PA/PBI membrane (Table 7.1). The substantially reduced 

volume swelling is critical for the long-term stable operation of the PA/PBI 

membrane based fuel cells. 

In order to better understand the origin to the proton conductivity properties of 

the PWA-meso-SiO2 composite membranes, the proton mobility (Figure 7.5B) and 

diffusion coefficients (Figure 7.5C)
 
of meso-SiO2 with different proton conductors 

were examined by pulse field gradient nuclear magnetic resonance spectroscopy. The
 

1
H chemical shifts were found to move downfield with increasing acidity. Similarly, 

the 
1
H resonance signals shifted downfield as the temperature was increased from 20 

to 80 °C due to the weakening of the hydrogen bonding, which in turn indicates that 

the increased temperature promotes the acid dissociation. In comparison with PWA-

meso-SiO2, PA-meso-SiO2 shows higher 
1
H chemical shift at both 20 and 80 °C, 

suggesting that PA is more dissociated than PWA. It is known that the proton line of 

water or organic solvent in micro-porous media is usually broad due to the restricted 

molecular motions, as well as the residual homonuclear dipolar couplings and the 

susceptibility effect from the pore surfaces.[37] Therefore, the proton line width is 

sensitive to the molecular motions, and faster motions would lead to a narrower line 

width. The PA-PWA-meso-SiO2 shows a slightly narrower proton line in comparison 

with PA-meso-SiO2, indicating that the proton in the former system is more mobile 

than the later one. In addition, the PA-PWA-meso-SiO2 shows systematically higher 

proton diffusion coefficients at all the different temperatures measured than PA-

meso-SiO2 (Figure 7.5C), suggesting a higher proton translational mobility with the 

addition of PA. Both experimental and theoretical modelling demonstrate that PWA-

meso-SiO2 has the capability of high proton conductivity and high water retention 

due to the stability of PWA within the confined and ordered mesoporous silica 

structure.[33, 38] 
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7.3.4 Durability  

 

Figure 7.6 (A) Long-term stability tests of corresponding fuel cell operated at 200 mA cm
-2

 and 

200 °C; (B) Variation of the in situ membrane conductivity and (C) open circuit voltage with 

time. 

 

Fuel cell durability studies were conducted at 200 °C and 200 mA cm
-2

, using the 

isotropic composite membranes with PWA-meso-SiO2 loadings of 0, 5, and 15 wt.%. 

For the cell based the pure PA/PBI membrane the cell voltage at 200 mA cm
-2

 

decreased from 0.71 to 0.53 V during the first 1450 h, corresponding to a 

degradation rate of 130 μV h
-1

 (Figure 7.6A). It was followed by a rapid voltage drop 

of about 705 μV h
-1

. The impedance, as recorded on the pristine PA/PBI membrane 

cell operated in parallel, was measured every 8 hrs, showing a significant increase of 
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the cell internal resistance of about 350 – 400 % after 320 h and a much smaller 

(about 40 – 50 %) increase of the electrode polarization resistance, likely a 

consequence of reduced proton conductivity due to the dehydration and out-leaching 

of the acid of pristine PA/PBI membrane cells at this high operational temperature 

(200 
o
C).[17] By adding 5 % PWA-meso-SiO2 to the membrane, the degradation was 

significantly reduced to 82 μV h
-1

 during the first 1660 h. Thereafter the cell voltage 

decay rate increased dramatically to 840 μV h
-1

. 

The membrane degradation via the dehydration and leaching of the acid[17] can 

be substantially suppressed by increasing the loading of PWA-meso-SiO2. By 

increasing the amount of PWA-meso-SiO2 in the membrane to 15 wt.%, the 

durability was significantly improved as further supported by the stable in-situ 

conductivity (Figure 7.6B). Except for the initial reduction of performance, the cell 

voltage decay during 2700 h was found to be as low as 27 μV h
-1

, which is 

comparable and significantly better than the degradation rate of 25 μV h
-1

 at 160 

o
C,[39] 44 μV h

-1
 at 170 

o
C[6] and 60 μV h

-1
 at 190 

o
C,[40] for cells based on p-PBI 

or commercial PA/PBI MEA, P-1000. It should also be mentioned that the durability 

data for the cells in the present work were acquired at significantly higher gas-

stoichiometry for both hydrogen and air, which is an additional stress-factor. 

The performance was evaluated from their steady state characteristics and from 

polarization curves periodically during the test. From the representative polarization 

curves (Figure 7.7A), it can be seen that the characteristics of the membrane-

electrode assemblies are initially quite similar for the cells based on the composites 

with PWA-meso-SiO2 loadings of 0 and 5 wt.%. The initial performance was slightly 

lower for the cell based on the composite with a PWA-meso-SiO2 loading of 15 

wt.%, apparently due to interfacial contact limitations with the electrodes due to the 

stiffness of the membrane. However, after 1750 h durability test, the cell 

performance of the pristine PA-doped PBI composite membrane was sharply 

dropped, which is much lower than that of PBI membranes with PWA-meso-SiO2 

tested at the same conditions. Moreover, after 2400 h durability test, only the 

composite membrane of PBI with 15 wt.% PWA-meso-SiO2 showed comparable cell 

performance than the pristine PA-doped PBI membrane at the initial stage. Overall, 

the results indicated that PBI composite membrane with PWA-meso-SiO2 shows 

higher stability than the pristine PBI membrane, and the stability increases with the 

increment of the loading of the inorganic filler. 
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Figure 7.7 (A) Polarization curves and (B) power output curves for fuel cells based on the 

composites with PWA-meso-SiO2 loadings of 0, 5 and 15 wt.%. 

 

7.4 Discussion 

Evidently, the stability of the PA/PBI composite membrane based fuel cell increases 

substantially with the addition of the PWA-meso-silica fillers. This is also supported 

by a high stability of the open circuit voltage of the PA/PBI composite membrane 

cells with the addition of 15 wt.% PWA-meso-silica (Figure 7.6C). Thus, the reasons 

for the exceptional durability of the PA/PBI composite membrane modified with 

PWA-meso-silica were discussed as follows. 

7.4.1 Effects of the proton exchange membrane  
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Figure 7.8 TEM images of (A) the PWA-meso-silica/PBI composite membrane, and (B) the 

composite membrane after 2700 h fuel cell test. (C) and (D) are the SEM images of the PWA-

meso-silica/PBI composite membrane before and after the 2700 h fuel cell test, respectively, 

while (E) and (F) are the corresponding EDS for the selected area in (C) and (D). The loading for 

the filler is 15 wt.%. 

 

Figure 7.8A shows the TEM image of the pristine PWA-meso-silica/PBI composite 

membrane with a loading of 15 wt.%. The TEM samples for the composite 

membranes were cut via microtome technique. The hexagonal mesoporous channels 

of the PWA-meso-silica along [100] and [110] directions were clearly observed in 

the TEM images of Figure 7.8A. And bright areas in Figure 7.8C and the 

corresponding Si and W elements mapping in Figure 7.8E confirmed the existence of 

the PWA and silica materials in PWA-meso-silica. Nevertheless, when the membrane 

was operated in fuel cell for over 2700 h at 200 
o
C, the mesoporous structure of the 

PWA-meso-silica particles was deteriorated (Figure 7.8B and D). Moreover, the 

elements of Si and P were detected in Figure 7.8F, likely due to the reaction between 

silica and phosphoric acid during the fuel cell operation. It should be noted that the 

sharp peak in Figure 7.8D corresponding to the element of Al, resulting from a 

special holder for the TEM grid in SEM characterization.  
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Figure 7.9 SAXS profiles of a PA-doped PWA-meso-silica/PBI composite membranes before 

and after 2700 h fuel cell test. The loading for the inorganic filler is 15 wt.%. 

 

Figure 7.9 compares the SAXS curves of the PWA-meso-silica/PBI composite 

membrane with 15 wt.% of  PWA-meso-silica .before and after the 2,700 h fuel cell 

operation. After the fuel cell operation, the unique peaks of meso-silica 

corresponding to planes of (100), (110) and (200) were vanished. The result 

demonstrates that the mesoporous structure of the inorganic fillers in PBI matrix is 

destroyed after the fuel cell operation, which is consistent with observation in Figure 

7.8.  

Figure 7.10 shows the X-ray diffraction patterns of different PA/PBI membrane 

cells after the durability test at 200 
o
C. In the case of the pristine PA/PBI membrane 

cells, the peaks for P2O5 and P2O7 emerged, which is an indication of the thermal 

instability of phosphoric acid at 200
o
C. Therefore, the considerable degradation of 

the pristine PA/PBI membrane cells is mainly attributed to the decomposition of PA. 

However, after the addition of PWA-meso-silica, a new peak centred at 23.5
o
 

corresponding to the phosphosilicate phase, Si5O(PO4)6 was detected. The intensity 

of the peak of Si5O(PO4)6 increased with increasing the PWA-meso-silica loading. 

Meanwhile, the peak intensity associated with P2O5 clearly decreased, indicating the 
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suppression for the formation of P2O5. Phosphosilicate has been reported to have a 

high proton conductivity and stability at medium temperature[41], similar as the 

effect of Al2O3[42] and TiO2[43] in phosphoric acid based high temperature PEMs 

on reducing the acid loss and the cell resistance.  

 

 

 

Figure 7.10 XRD profiles of various PA/PBI composite membranes with 0, 5 and 15 wt.% PWA-

meso-SiO2 after durability test. 

 
 

 

Figure 7.11 Scheme of proton conduction paths through the attached and stabilized PA and PWA 

anchored inside the mesoporous channels of meso-silica at high temperatures. 
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Though the exact reasons for the substantially enhanced stability of the PWA-

meso-SiO2 modified PA/PBI membrane cells are not clear at this stage, there are 

sufficient evidences that the inclusion of mesoporous silica to the PA/PBI composite 

membranes reduces the loss of PA during fuel cell operation at 200 
o
C most likely by 

stabilizing phosphoric acid in the form of phosphosilicate. On the other hand, the 

facile and high proton diffusion ability of PWA in the mesopores of silica facilitates 

and maintains the high conductivity of the composite membranes, despite the 

reduction of the PA uptake (Figure 7.5A).[44] Proton conductivity can occur 

simultaneously through stabilized PA and PWA within the mesoporous silica, as 

shown schematically in Figure 7.11. Overall, the inclusion of the PWA-meso-SiO2 

fillers inhibits the leaching of the acid by forming the immobilized phosphosilicate, 

resulting in the formation of a composite membrane with a high proton conductivity 

and excellent stability at 200 
o
C.  

7.4.2 Effects of the catalysts  

Besides the proton exchange membrane, the catalyst in the electrodes is another 

critical criterion for the durability of the fuel cells. For instance, Zhang et al. 

conducted the continuous aging life test on the PA/PBI composite membrane fuel 

cells at 150 
o
C for 500 h, and found that obvious degradation occurred at the Pt 

catalyst.[45] Figure 7.12A shows the XRD profiles of the catalysts in the fuel cell 

after the durability test. The broad peak at around 25.1
o
 is associated with the 

amorphous active carbon, while the sharp peaks at 39.8
o
, 46.3

o
, 67.5

o
, 81.4

o
 and 

85.7
o
 correspond to Pt(111), Pt (200), Pt (220), Pt (311) and Pt (222), respectively. 

Based on Scherrer equation, the diameter of the Pt catalyst was calculated, as shown 

in Figure 7.12B. The diameter of the Pt NPs in the cathode was higher than that of 

the catalyst in anode for all the fuel cells irrespective of the composite membranes 

employed. Moreover, the particles sizes in both the anode and the cathode decreased 

with the increase of the loading of the PWA-meso-silica particles. 

The change of the Pt particle size after the durability test was directly observed 

from the TEM images, as shown in Figure 7.13. The average particle size determined 

based on the TEM images was close to the value calculated according to the Scherrer 

equation. The particle size of the Pt NPs in the anode decreased from 5.5 nm (Figure 

7.13A) to 4.0 nm (Figure 7.13E) in the PBI membrane-based fuel cells as the loading  
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Figure 7.12 (A) XRD patterns of the Pt catalyst after the durability operation with a current load 

of 200 mA cm
-2

 at 200 
o
C. a, 15 % PBI, anode; b, 15% PBI, cathode; c, 5 % PBI, anode; d, 5% 

PBI, cathode; e, PBI, anode; f, PBI, cathode. (B) The particle size of Pt catalysts derived from 

the XRD pattern by the Scherrer equation. 

 

of PWA-meso-silica increased from 0 to 15 wt.%. Moreover, the average particle size 

of the Pt NPs in the cathode remained nearly unchanged as the loading of PWA-

meso-silica increased from 0 to 5 wt.%, being in the range of 7.5 – 8.5 nm (Figure 

7.13B and D). However, when the loading increased to 15 %, the size of the Pt NPs 

in the cathode was substantially reduced to 4.5 nm (Figure 7.13F). The large particle 

size of the Pt NPs at the low PWA-meso-silica loading is likely due to the 

agglomeration of Pt catalyst, especially for the cathode catalyst. Qi et al. operated the 

PA/PBI based fuel cell at OCV for 50h, and found that the Pt crystallite size in the c- 
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Figure 7.13 TEM images of Pt catalysts after over 2700 h operation with a current load of 200 

mA cm
-2

 at 200 
o
C. A, the pristine PBI, anode; B, the pristine PBI, cathode. C, 5 wt.% PBI, 

anode; D, 5 wt.% PBI, cathode; E, 15 wt.% PBI, anode; F, 15wt.% PBI, cathode. 

   

athode increased by as much as 5.3 times of its original value, while the anode Pt 

crystallite size only slightly changed. On one hand, high temperatures and current 

loadings elevate the rate of Pt dissolution and re-deposition [46]. On the other hand, 

the Pt/C catalyst is transferred from one crystallite to another, resulting in a decrease 

of platinum crystallite density and the growth of platinum particles [47].  

7.5 Conclusions 

In this work, we developed a novel type of composite membranes based on the 

incorporation of PWA functionalized mesoporous silica into a matrix of phosphoric 

acid doped polybenzimidazole. The composite membranes with the 15 wt.% of the 

PWA-meso-silica showed high proton conductivity and exceptional performance 

durability at a significantly reduced phosphoric acid uptake, which resulted in low 

volume swelling and sufficient mechanical robustness. As a result of the stabilization 

of phosphoric acid by the filler, a decay rate of the fuel cell voltage as low as 27 μV 
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h
-1

 was recorded during the operation at 200 °C and 200 mA cm
-2

 for 2,700 h. It is 

suggested that it was the in situ formed phosphosilicate and the stable Pt NPs on the 

cathode that contributed to the exceptional durability of the PA/PBI composite 

membrane based elevated temperature fuel cell.  
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Chapter 8 Conclusions and Recommendations for future work 

8.1 Conclusions and achievements 

The aim of this thesis is to develop novel proton exchange membranes with high 

proton conductivity at low relative humidity and elevated temperatures. It has been 

successfully achieved by introducing the mesoporous structures into Nafion and new 

types of mesoporous inorganic-organic hybrid composite membranes. The main 

achievements from the present study are listed below. 

1) The mesoporous structures were introduced into the Nafion membrane via a 

soft template method with the assistance of the silica colloidal mediator. Silica 

colloids were critical for the formation of the highly ordered mesoporous structured 

phase in the precursor solution. Four mesoporous Nafion membranes with highly 

ordered mesoporous structures were synthesized including 2D hexagonal, 3D face-

centred, 3D cubic-bicontinuous and 3D body-centred. The mesoporous Nafion 

membrane showed a high water retention capability that was indicated by S-shaped 

dependence on RH for power output of the mesoporous Nafion membrane cells. The 

best result was observed on the Nafion membranes with the 2 D hexagonal structure 

by the high proton conductivity at low RH and the outstanding fuel cell stability 

under anhydrous condition.  

2) Inorganic-organic nanostructured hybrid membranes of polyethersulfone–

polyvinylpyrrolidone were prepared with mesoporous silica materials. The 

inorganic-organic composite membranes after PA doping showed superior proton 

conductivity than that of the pristine PA-PES-PVP composite membrane. This is 

most likely due to the facilitated proton transportation in the ordered mesoporous 

channels via the hydrogen bond between the –NH2 groups and H3PO4. The highest 

peak power density reached up to 480 mW cm
-2

 for the NH2-HMS based composite 

membrane for dry gas at 180 
o
C, which is 92.7 % higher than that of PA-doped PES-

PVP composite membrane at the identical condition.  

3) A novel method was developed to synthesize amino-functionalized hollow 

mesoporous silica. Different from conventional approaches, the amino functionalized 

hollow mesoporous silica was transformed from amino-factionalized mesoporous 

silica. Because of the enrichment of OH
-
 induced by CTAB and the gradient of OH

-
 

concentration in the mesoporous spheres, the interior parts of the mesoporous silica 
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spheres were etched by OH
-
 while the shell of the sphere was intact, and 

consequently resulting in the amino functionalized hollow mesoporous silica. The 

novel method not only simplifies the synthesis procedures of NH2-HMS fabrication, 

but also reveals a novel mechanism for functionalized mesoporous silica.  

4) Novel proton exchange membranes based on phosphotungstic acid 

impregnated amino-functionalized hollow mesoporous silica were fabricated for 

elevated temperature fuel cells. The interaction between the proton conductors and 

the polymer matrix was also investigated in details. PWA tended to donate the 

protons to the N atom in the heterocyclic carbon ring of PVP, while PA was favour to 

attack the ketonic O atom in the PVP molecules. Incorporation of PWA-NH2-HMS 

improved the proton conductivity and single cell performance of the polymer 

membranes with an optimum loading of 10 wt.%. 

5) Phosphotungstic acid functionalized mesoporous silica particles were 

successfully incorporated into PA/PBI membranes and an exceptional performance 

durability up to 2700 h was achieved (27 μV h
-1

) at 200 
o
C. The exception durability 

of the PA-doped PBI composite membrane with PWA-meso-silica is due to the in 

situ formation of phosphosilicate and the diminished aggregation of Pt nanoparticles, 

especially on the cathode. The development of PWA-meso-silica based PA/PBI 

PEMs operated at 200 
o
C represents a significant milestone in the development of 

elevated temperature PEMFCs. 

6) The role of the inner tubes of CNTs was revealed with significant promotion 

effects on the activity of supported Pd nanoparticles for alcohol oxidation reactions 

of direct alcohol fuel cells. The Pd NPs supported on the CNTs with the wall number 

of 3 ‒ 7 showed significant higher activity and stability for the oxidation reaction of 

methanol, ethanol, and ethyl glycol than that of Pd NPs on single wall and multi wall 

carbon nanotubes. A facile charge transfer mechanism via electron tunnelling 

between the outer wall and inner tubes of CNTs under an electrochemical driving 

force was proposed for the significant promotion effects of CNTs for the alcohol 

oxidation reactions in alkaline solutions.  

8.2 Recommendations for future work 

Mesoporous materials including mesoporous Nafion, amino functionalized hollow 

mesoporous silica and PWA functionalized meso-silica etc. significantly improve the 

proton conductivity of polymer matrix at low relative humidity and even at 
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anhydrous conditions. However, the research still needs further investigations. 

1) Amino-functionalized hollow mesoporous silica was fabricated by a novel 

synthesis method from the transformation of amino-functionalized mesoporous silica 

spheres. And the synthesis conditions including concentration of surfactant and 

etching agents etc. were optimized. However, the mechanism of the transformation 

from NH2-meso-silica to NH2-HMS is still unclear. The distribution of –NH2 groups 

in NH2-HMS still needs confirmation evidences. For instance, –NH2 groups can be 

stained and then characterized by STEM to find out the distribution of functional 

groups. 

2) Expand the applications of NH2-HMS. Besides –NH2 group, the second 

functional group can be introduced into the surface of NH2-HMS, such as thiol group 

and carboxyl group etc. to form the acid-base bifunctionalized NH2-HMS. It can be 

employed as agents for the waste water treatment including heavy metal ions 

adsorption. Besides, it can be introduced to the PA/PBI composite membranes. 

3) PES-PVP composite membranes with PWA-NH2-HMS particles indicated 

outstanding proton conductivity and stability at temperature up to 200 
o
C. However, 

the reasons for the high stability of PES-PVP membrane with 15 wt.% of the filler is 

unclear and further investigations are required, such as TEM and XRD 

characterizations for the membranes after the durability test. 

4) Development of PES-PVP composite membranes with high stability at 200 

o
C. The addition of mesoporous silica materials increased the proton conductivity of 

the PES-PVP composite membranes. However, it contributes small for the thermal 

stability of the PES-PVP matrix. Moreover, the glass transition temperature (Tg) of 

the PES-PVP composite membrane with 70 wt.% PVP is only 192 
o
C, and it 

decreases with increasing PVP content. Thus, in order to improve the stability of 

PES-PVP composite membrane at high temperatures, the PVP content should be 

reduced. After the addition of the mesoporous silica materials to PES-PVP 

composite membranes with low content of PVP, PES-PVP hybrid membranes with 

great stability will be obtained in fuel cells operated at high temperatures. 

5) Fundamental understanding is required for the mechanism of phosphosilicate 

phase formation in the meso-silica-PA/PBI composite membranes and the effects of 

meso-silica loading and distribution on proton conductivity. 
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